Paul Steinmann IUTAM Bookseries
Editor

IJUTAM Symposium
on Progress in the
Theory and Numerics
of Configurational
Mechanics

Proceedings of the IUTAM Symposium on
Progress in the Theory and Numerics of
Configurational Mechanics, Erlangen, Germany,
October 20—24, 2008

@ Springer



IUTAM Symposium on Progress in the Theory
and Numerics of Configurational Mechanics



IUTAM BOOKSERIES
Volume 17

Series Editors

G.M.L. Gladwell, University of Waterloo, Waterloo, Ontario, Canada
R. Moreau, INPG, Grenoble, France

Editorial Board

J. Engelbrecht, Institute of Cybernetics, Tallinn, Estonia

L.B. Freund, Brown University, Providence, USA

A. Kluwick, Technische Universitdit, Vienna, Austria

H.K. Moffatt, University of Cambridge, Cambridge, UK

N. Olhoff Aalborg University, Aalborg, Denmark

K. Tsutomu, IIDS, Tokyo, Japan

D. van Campen, Technical University Eindhoven, Eindhoven,
The Netherlands

Z. Zheng, Chinese Academy of Sciences, Beijing, China

Aims and Scope of the Series

The IUTAM Bookseries publishes the proceedings of IUTAM symposia
under the auspices of the IUTAM Board.

For other titles published in this series, go to
www.springer.com/series/7695



P. Steinmann

Editor

IUTAM Symposium on Progress
in the Theory and Numerics of
Configurational Mechanics

Proceedings of the IUTAM Symposium held in Erlangen,
Germany, 20-24 October 2008

@ Springer



P. Steinmann

Chair of Applied Mechanics
University of Erlangen-Nuremberg
Erlangen, Germany

ISBN 978-90-481-3446-5 e-ISBN 978-90-481-3447-2
Springer Dordrecht Heidelberg London New York

Library of Congress Control Number: 2009933464

© Springer Science +Business Media B.V. 2009

No part of this work may be reproduced, stored in a retrieval system, or transmitted in any form or by any
means, electronic, mechanical, photocopying, microfilming, recording or otherwise, without written per-
mission from the Publisher, with the exception of any material supplied specifically for the purpose of
being entered and executed on a computer system, for exclusive use by the purchaser of the work.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (Www.springer.com)



Table of Contents

Preface
Acknowledgements

On Discontinuities of Material Momentum and Eshelby Stress in
Hyperelasticity and Thermoelasticity
M. Braun

On a Constraint-Based Regularization Technique for Configurational
r-Adaptivity and 3D Shape Optimization
M. Scherer, R. Denzer and P. Steinmann

Some New Properties of the Eshelby Stress Tensor
E. Verron, M. Ait-Bachir and P. Castaing

On Configurational Aspects of Finite Deformation Inelasticity: A Variational
Approach Versus the Transformation of Balance of Momentum
A. Menzel and B. Svendsen

Configurational Forces Derived from the Total Variation of the Rate of
Global Dissipation
F. Larsson, K. Runesson and J. Tillberg

On Crack Analysis of Functionally Graded Materials with Material Forces
R. Mahnken

Momentum and Material Momentum in Superconductors
C. Trimarco

Dislocations, Microforce and Micromomentum in Second Order Finite
Elasto-Plasticity
S. Cleja-Tigoiu

Xi

11

27

37

47

61

73

83



vi Table of Contents

A Variational Framework for Dual Solutions in the Physical and
Material Space 95
D. Materna and F.-J. Barthold

On the Nonlocal Symmetries, Group Invariant Solutions and Conservation
Laws of the Equations of Nonlinear Dynamical Compressible Elasticity 107
G.W. Bluman, A.F. Cheviakov and J.F. Ganghoffer

Configurational Forces in the Theory of Two-Phase Plates 121
V.A. Eremeyev and H. Altenbach

On Configurational Formulations in the Director Theory of Rods 131
H. Irschik
Macroscopic Elasticity of Nanoporous Silicon: Bulk and Surface Effects 139

H. Magoariec and A. Danescu

Internal Variables and Generalized Continuum Theories 149
A. Berezovski, J. Engelbrecht and G.A. Maugin

Stratified Energies: Ground States with Cracks 159
M. Giaquinta, PM. Mariano, G. Modica and D. Mucci

Crack Curving Based on Configurational Forces and Their Gradients 169
H. Schiitte
Anisotropic Elasticity of Grade Three: Conservation and Balance Laws 179

E. Agiasofitou and M. Lazar

Evaluation of Crack-Driving Forces at Finite Viscoelasticity: Theory and
Experiment 193
M. Kaliske, C. Netzker and B. Ndser

On Configurational Forces within Green—Naghdi Thermo-Hyperelasticity 203
S. Bargmann, R. Denzer and P. Steinmann

Translational Conservation and Balance Laws in the Gauge Theory of
Dislocations 215
M. Lazar and C. Anastassiadis

Configurational Forces in Continuous Theories of Elastic Ferroelectrics 229
V.K. Kalpakides and A.I. Arvanitakis



Table of Contents

A Variationally Consistent Approach for Crack Propagation Based on
Configurational Forces
J. Mosler

Computational Homogenization of Defect Driving Forces
S. Ricker, J. Mergheim and P. Steinmann

On the Computation of Configurational Forces in Anisotropic
Hyperelastic Solids
V. Ebbing, J. Schroder, P. Steinmann and P. Neff

Author Index

vii

239

249

261

271



Preface

Configurational mechanics has attracted quite a bit of attention from various re-
search fields over the recent years/decades. Having been regarded in its infancy of
the early years as a somewhat obscure and almost mystic field of research that could
only be understood by a happy few of insiders with a pronounced theoretical incli-
nation, configurational mechanics has developed by now into a versatile tool that
can be applied to a variety of problems.

Since the seminal works of Eshelby a general notion of configurational me-
chanics has been developed and has successfully been applied to many prob-
lems involving various types of defects in continuous media. The most promi-
nent application is certainly the use of configurational forces in fracture me-
chanics. However, as configurational mechanics is related to arbitrary mater-
ial inhomogeneities it has also very successfully been applied to many mate-
rials science and engineering problems such as phase transitions and inelastic
deformations.

Also the modeling of materials with micro-structure evolution is an important
field, in which configurational mechanics can provide a better understanding of
processes going on within the material. Besides these mechanically, physically, and
chemically motivated applications, ideas from configurational mechanics are now
increasingly applied within computational mechanics.

In this regard, in particular the combination of configurational mechanics
and the finite element method has a notable impact to computational mechan-
ics. New methods based on configurational mechanics are developing in compu-
tational fracture mechanics, structural optimization and adaptivity. These meth-
ods include, for example, r- and h-adaptive methods for mesh optimization and
refinement.

The IUTAM Symposium on “Progress in the Theory and Numerics of Configu-
rational Mechanics” that took place at the University of Erlangen/Nuremberg, Ger-
many from October 20th to 24th, 2008, shed light on the most recent state of affairs
in configurational mechanics. As a result of the inspiring contributions and lively
discussions these proceedings emerged. They assemble a number of peer-reviewed

iX
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articles that deal with the current developments in the already intriguing success
story of configurational mechanics.

I am convinced that this volume gives the reader an appropriate overview on
some of the fascinating applications of configurational mechanics.

Paul Steinmann
Erlangen, June 2009
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On Discontinuities of Material Momentum and
Eshelby Stress in Hyperelasticity and
Thermoelasticity

Manfred Braun

Abstract The balance of material momentum is applied to a propagating singular
surface at which velocity and displacement gradient are discontinuous. The resulting
jump condition contains an additional source term if the material is assumed purely
hyperelastic. In a thermoelastic material, this imbalance is compensated by an ap-
propriate jump of entropy such that, under adiabatic conditions, the strict balance is
retained even on a singular surface.

1 Motivation

The balance of material momentum usually is derived from the balance of physical
momentum by a pull-back onto the material manifold [4]. The transformation is
performed locally, i.e., on the basis of differential balance laws. The balance of
physical momentum, in its original form, represents a global balance, valid for an
arbitrary material volume B, from which the local version is obtained by use of
the divergence theorem. This localization process can be performed only if the field
quantities involved are differentiable. Therefore the local balance is less general than
the global balance from which it is derived.

The local balance of material momentum can be integrated, of course, over an
arbitrary material volume thus being converted to a global balance, as indicated in
Fig. 1. It should be kept in mind, however, that the process of globalization does
not render the result more general than the local balance from which it has been
generated.

The local balance equations of physical and material momenta exhibit a pro-
nounced symmetry as elaborated in great detail by Steinmann [5, 6]. Formally this
symmetry can be carried over to the global formulation. However, there is a great

Manfred Braun
Chair of Mechanics and Robotics, University of Duisburg-Essen, 47048 Duisburg, Germany;
e-mail: manfred.braun @uni-due.de

P. Steinmann (ed.), IUTAM Symposium on Progress in the Theory and Numerics of
Configurational Mechanics, 1-10.
© Springer Science+Business Media B.V. 2009
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balance of physical momentum balance of material momentum
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Dr vT+ | Dr ivE+§
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(W - iv-p) I-F'T=¢ dynamic Eshelby stress

Fig. 1 Global and local balances of physical and material momentum.

difference in the validity of the global balance laws. While the balance of physical
momentum holds in general for arbitrary fields without any continuity requirements,
the validity of the global balance of material momentum is restricted to the regular-
ity conditions necessary to derive the local version from which it has been generated.
In this sense, the balance of material momentum does not represent a fundamental
law as opposed to the physical balance equations [3].

An important consequence of any global balance law, in addition to the local
version in differential form, is the so-called jump condition valid at a surface of dis-
continuity propagating through the material body. Here it is assumed that the fields
have a regular behavior in front of and behind the singular surface and approach
definite limit values from either side.

The balance of material momentum should be applicable also to a propagating
singular surface. The corresponding jump condition, however, must not be derived
from the “global” balance which, in this case, is valid only for continuously differ-
entiable fields thus excluding an application to discontinuous behavior. In order to
get the discontinuous version, i.e., a jump condition representing the balance of ma-
terial momentum at a singular surface, one has to start from the corresponding jump
condition of physical momentum and pull it back to the reference configuration.

The derivation and discussion of the jump condition representing the balance
of material momentum at a propagating singular surface is the principal goal of
this paper. It turns out that the discontinuous version of the balance contains an
“imbalance” term which does not necessarily vanish and which is not expected from
the continuous analogy. It is shown that the imbalance term depends on the specific
interpretation of strain energy. If the material is assumed purely hyperelastic without
any recourse to thermodynamic or other effects then the imbalance actually remains
nonzero. Thus a propagating shock in a hyperelastic material carries a concentrated
source of material momentum with it. If, on the other hand, the material is assumed
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to be thermoelastic and a nonconductor of heat the strain energy can be identified
with internal energy. Then the imbalance vanishes due to the balances of physical
momentum and energy.

2 Notations

Since the Lagrangian description is used throughout this paper, all relevant quant-
ities are related to the reference configuration, without indicating it by a special
subscript. So the mass density p, the volume force f, and the distributed energy
source r are meant per unit reference volume. Also stress T and heat flux q are
understood in the sense of Piola, i.e., related to the vectorial surface elements in
reference configuration.

According to the Lagrangian description, all fields are considered as functions
of the material point X and time ¢. Derivatives with respect to time at fixed X are
indicated by D/ D¢, and differential operators with respect to the material coordin-
ates X are denoted by Div, Grad, etc. The motion of the continuum is described by
the function x = x(X, #) providing the position x attained by the material particle X
at time 7. Its derivatives deliver the velocity vector v and the deformation gradient F.

A wave front, i.e., a propagating singular surface, is tracked in the reference con-
figuration. It is oriented by its unit normal vector N. Its normal speed of propagation
is denoted by Un. A discontinuous field ¢ is assumed to be regular on either side
of the singular surface and to approach limit values ¢ at the surface, where ¢ is
attained on that side to which the normal vector is pointing. The jump and the mean
value of a quantity ¢ at the singular surface are defined as

[el=¢"—¢~ and (p)==(p"+9¢7). (1)

| =

respectively. They satisfy the product rules

[ov I={ellv I+[¢1(v) and (W)=(<ﬂ)(w)+%l[¢]ll[w]| 2

which can be directly verified from the definitions (1). Some further formulas for
manipulating jumps and mean values are given in [1].

3 Balances of Physical Momentum and Energy

Let p(X) denote the mass density in the reference state and v(X, ) the velocity
vector at a material point X at time ¢. The physical momentum per unit reference
volume is p = pv. The global balance of physical momentum is expressed by the
equation



4 M. Braun

D
— pdV=/ TndA+/ fdv 3)
Dt Jg Ry 8

valid for any fixed material region 8B, where T and f denote the Piola stress and
the volume force density, respectively. The local versions of the balance of physical
momentum, valid for regular and for discontinuous fields, are represented by the
equations

%:DivTJrf and Un[p]+[T]N=0, “4)

respectively. If polar effects are omitted the balance of angular momentum is re-
duced to the symmetry condition

TF' = F1" (5)

to be satisfied by the Piola stress.
Let E(X, t) denote the density, per unit reference volume, of the internal energy.
The global form of the energy balance reads

D

D (E+lv.p) av=[ @-qda+ [ Evinag. ©
Dt Jg 2 Py 8

where q and r denote the nominal heat flux and the internal heat production per
unit reference volume. The corresponding local versions of the energy balance can
be simplified by combining them with the momentum balance. To this end the local
balance of momentum (4) is multiplied by v or, in the discontinuous case, by (v) and
subtracted from the local energy balance. Eventually the local balances of energy
valid for regular and for discontinuous fields assume the forms

%:T-Gradv—Divq+r and UN[E [HT)- ([v]eN)-[a]-N=0. (7

respectively. A single dot is used to indicate the scalar product whether between two
vectors, a-b = a;b', or between two tensors, A-B = A;*Bi,,.

The deformation gradient F and the velocity vector v satisfy a compatibility con-
dition whose continuous and discontinuous versions are

%f =Gradv and Un[F]+[v]oN =0, ®)

respectively.

4 Material Momentum and Eshelby Stress

The material momentum p and the dynamic Eshelby stress & are defined as

aL

— _FT d ¢=—LI+F'—,
p p an + oF

®
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respectively, with L denoting the Lagrangian. The kinetic energy density is uniquely
defined as pv? /2. Further we assume that the volume forces, if any, are conservative
and arise from an external potential U (x; X), such that

ou
f=——. (10)
ox
The gravity potential, for instance, has the form U, = —p(X)g-x to yield the

volume force f = pg.

The most important part of potential energy is the internal potential. It may be
identified with the strain-energy density which is due to deformation and is a func-
tion W (F; X) depending on the deformation gradient and, in non-homogeneous ma-
terials, also directly on the material coordinates. Strain energy might also depend on
other variables, especially thermodynamic variables, as will be considered below,
or on internal variables. Depending on the choice of thermodynamic variables the
internal potential allows still different interpretations. Common to all of them is the
property that the derivative with respect to the deformation gradient yields the Piola

stress, i.e.,
0w (11
- F

The Lagrange function is constituted from the kinetic-energy density and the inner
and outer potential-energy densities as

T

Lx,v,F;X) = %p(X)V-V —WE;X) - Ux; X), (12)

its partial derivatives with respect to deformation and position being

oL ow oL oU
=——=-T and — = =f

— = =—— =f. (13)
oF oF 0x ox

It is assumed that these derivatives exist and have regular behavior.

The balance of material momentum in its continuous version is obtained by us-
ing, in addition to the definitions (9), (i) the balance of physical momentum (4);,
(i1) the compatibility condition (8)1, and (iii) the geometric compatibility condition

Flap=Fpga (14)

for the second deformation gradient. Eventually one arrives at the balance equation
of material momentum in its local form,

D
Ff = Div € 4+ f, (15)
where
f= oL (16)
T X

is interpreted as the material inhomogeneity force density.
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The discontinuous case can be handled in an analogous way. In addition to the
definitions (9) of material momentum and Eshelby stress one needs the correspond-
ing discrete forms of (i) the balance of physical momentum (4),, (ii) the compatib-
ility condition (8),, and (iii) the geometrical compatibility condition

[Fa]Np = [F's N an

which is the discontinuous analogue of the compatibility condition (14). Thus one
arrives at the discontinuous version of the balance of material momentum

Un[p]+[e¢]N=0oN, o=[W]-(T)-[F]. (18)

where the “imbalance” term o N on the right-hand side still has to be determined.

The continuous version of the balance of material momentum, (15), exhibits the
same appearance as the balance of physical momentum, (4);. The corresponding
jump condition (18), however, as long as the imbalance factor o does not vanish,
deviates from the expected form which should resemble (4),. Whether this is the
case or not depends on the exact interpretation of the strain energy W.

5 Hyperelastic Material

Hyperelasticity is considered as a purely mechanical model of an ideally elastic
material for which the stress-strain relationship derives from a strain energy density
function

W = W(F; X). (19)

The dependence on the deformation gradient F must be consistent with the principle
of material frame indifference. In case of nonhomogeneity the strain-energy density
may also directly depend on the material point X, but not on any other quantities
like thermodynamic or internal variables.

Discontinuities of the strain-energy density and its derivatives are brought for-
ward by a discontinuity of the deformation gradient. Under suitable regularity con-
ditions, the function (19) may be expanded around the mean value (F) of the de-
formation gradient at the singular surface. Forming then the discontinuity leads to
an expansion with the leading terms

N —
[W]=A[Fa ]]JrﬂAiajﬁky[Fla 17 I0F5 1+ (20)

where

W and AP _ PW(F; X)

OFy |p_p i OFiq 0FigdFry | o

1

ey
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denote the elasticities of first and third order, respectively, evaluated at the mean
deformation gradient (F). In a similar way, the mean value of the Piola stress (11)
can be represented by an expansion

1
(1) = A + 2 A P FI s IIF S 1+ (22)

again with the elasticities (21) evaluated at the mean deformation gradient (F).
Using these expansions, the imbalance factor o according to (18); is represented
by the expansion

R I A T | T @3

So the imbalance factor is at least of third order in the jump [[F ]| of the deformation
gradient, which is a measure of the strength of the discontinuity. The general form
of the expansion is provided in [1].

6 Thermoelastic Material

As soon as thermodynamics is included the exact meaning of strain energy becomes
relevant. The property of being a stress potential has to be retained, but it can be
identified either with the internal energy or with the free energy, depending on the
choice of the thermodynamical variable.

Since for the internal energy a balance equation has been formulated it might be
reasonable to identify strain energy with internal energy. Correspondingly, the en-
tropy S per unit reference volume should be chosen as the thermodynamic variable.
Thus the density of strain energy (or internal energy) is considered to be a function

W = E(F, §;X), 24
whose partial derivatives
E 0E
— =T and — =06 (25)
oF aS

represent the Piola stress and the absolute temperature, respectively. The notation £
is kept for the internal energy in order to distinguish it from the strain energy W in
the hyperelastic case.

The discontinuous form of the energy balance (7), can be rewritten, using the
compatibility condition (8)3, as

[£1-1)[F]= ;- N[a] 6)
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Since the strain energy W has been identified with the internal energy E the left
hand side is exactly the imbalance factor (18);. Thus, in the thermoelastic case,
there is an imbalance factor

1
o= U—NN-|[q]], 27

i.e., the scalar product of the slowness vector (1/Un)N of the propagating surface
and the jump [ q ]| of the nominal heat flux vector.

If one assumes that heat flux is governed by a constitutive equation like Fourier’s
law with a finite conductivity, any discontinuity in temperature would be smoothed
out immediately. Therefore a sharp surface of discontinuity is possible only in the
absence of heat conduction. Under adiabatic conditions the heat flux vanishes and,
therefore, also the imbalance factor. Then the jump condition expressing the balance
of material momentum assumes the form

Un[p]+[e]N=0 (28)

which could be expected from its continuous counterpart (15). It should be noted
that, in order to obtain the discontinuous version (28) of the balance of material
momentum, the energy balance has been used, while the continuous form (15) has
been derived without it. The latter holds independently of the thermodynamical in-
terpretation of strain energy and is obtained directly from the balance of physical
momentum [4]. The continuous form also holds independently of any assumption
about the heat flux while the discontinuous form (28) is restricted to the adiabatic
case.

On first sight, it seems strange that the material momentum exhibits an unbalance
at a singular surface if the material is assumed hyperelastic, while for a thermoelastic
material without heat conduction the unbalance vanishes. Carrying over the analysis
of Section 5 to the thermoelastic material one has to expand the internal energy
function

E =E(F, S;X), (29)

where both the deformation gradient F and the entropy S undergo discontinuities at
the singular surface. The formulas (20) and (22) have to be adjusted correspondingly
to include the additional argument. If the expansion is restricted to the very first
terms in [ S ]| and [F ]| the imbalance factor is obtained as

1 By i J k
o= A[s 13545 T ILF I T (30
where
E ’F
A/ = ﬁ and Aiajﬂky = — 7 X (31)
1
§=(S), F=(F) oF'y, oF 8 oF%, S=(S). F=(F)

are the absolute temperature and the third-order elasticities, taken at the mean values
of entropy and deformation gradient. Since the imbalance factor (30) according to
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(28) has to vanish the singular surface must be accompanied by a jump of entropy,
which is of third order in the strength of the discontinuity. This is a well-known
result in the theory of shock waves [7, p. 176]. If, as in hyperelasticity, the strain
energy does not depend on an additional argument that can exhibit a discontinuity
at the singular surface, there is no way to compensate these third and higher-order
terms in [ F ]|, and the imbalance factor does not vanish.

7 Conclusion

The local balance of material momentum is expressed by the equation

PP piveti (32)
— = Div ,

Dt
where p, € and § denote the material momentum, the dynamic Eshelby stress and
the inhomogeneity force, respectively. The equation can be integrated over a finite
domain 8 whence it assumes the form

D
—/ pdV:/ QEndA+/ Fdv. (33)
Dt /g By 3

Despite its appearance as a global balance law this equation is not more general
than the local balance equation from which it has been generated by integration. In
particular the equation (33) must not be used to derive from it a corresponding jump
condition using the pill-box argument, since the local balance (32) from which it
has been derived does not hold at a surfaces of discontinuity. The jump condition
representing the balance of material momentum at a singular surface has to be de-
rived directly, namely from the jump conditions of the physical quantities. It turns
out that this jump condition is of the general form

Un[p]+[e¢]N=0oN, o=[W]-(T)-[F] (34)

with an imbalance factor o which does not necessarily vanish. If the global form
(33) of the balance of material momentum would hold without restriction this factor
had to vanish.

Whether the imbalance factor vanishes or not depends on the specific interpret-
ation of the strain-energy density W. In hyperelasticity strain energy is assumed to
depend only on the deformation gradient F and, in case of nonhomogeneity, also dir-
ectly on the material point X. In this case, the imbalance factor at a singular surface
does not vanish, it is of third order in the strength of the discontinuity. If, on the other
hand, strain-energy is identified with the internal energy of a thermoelastic mater-
ial without heat conduction the imbalance factor vanishes due to the discontinuous
form of the energy balance. Unlike the strain energy of a hyperelastic material the
internal energy depends on an additional argument, namely the entropy which is
also discontinuous at a singular surface. The propagating shock is accompanied by
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a jump in the entropy, [ S ]|, which compensates the imbalance term originating from
the jump in the deformation gradient, [ F ]|, such that the expected form

Un[p]+[eIN=0 (35)

of the discontinuous balance of material momentum is established. Thus both the
continuous version (32) of the balance of momentum and its discontinuous counter-
part (35) are valid. This, however, does not mean that the global balance (33) holds
in general, since there might be other kinds of singular behavior that are not covered
by the jump condition (35). Therefore the validity of the global balance of material
momentum remains open.

This sheds some light on the role played by the balance of material momentum
within the framework of mechanics or, more general, of physics. Maugin [4] em-
phasizes that the balance of material momentum is a consequence of the balance
of physical momentum while Gurtin [2, p. 2] considers configurational forces “as
basic objects consistent with their own force balance.” In the present paper, the
continuous and discontinuous versions of the balance of material momentum has
been derived from the balance laws of physical momentum and energy, in accord
with Maugin’s point of view. This appoach also conforms to the work of Irschik [3].
On the other hand, the discontinuous version of the balance of material momentum
severely depends on the interpretation of the internal potential, i.e., the strain-energy
density W. While in a hyperelastic material a singular surface is accompanied by an
imbalance term the balance is restored by identifying the strain energy with the
internal energy of a thermoelastic material. Although the imbalance result of hyper-
elasticity is formally correct, one tends to abandon the idea of pure hyperelasticity in
favor of thermoelasticity, because it is more agreeable to retain the balance. In this
sense one is led by the desire for a general balance of material momentum which,
however, has to be derived from the physical balance laws.
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On a Constraint-Based Regularization
Technique for Configurational r-Adaptivity and
3D Shape Optimization

Michael Scherer, Ralf Denzer and Paul Steinmann

Abstract This contribution deals with a numerical regularization technique for con-
figurational r-adaptivity and shape optimization based on a fictitious energy con-
straint. The notion configurational refers to the fact that both r-adaptivity and shape
optimization rely on an optimization of the potential energy with respect to changes
of the (discrete) reference configuration. In the case of r-adaptivity, the minimization
of the total potential energy optimizes the mesh and thus improves the accuracy of
the finite element solution, whereas the maximization of the total potential energy
by varying the initial shape increases the stiffness of the structure. In the context
of r-adaptivity, the energy constraint sets the distortion of the mesh to a reasonable
limit and improves the solvability of the problem. The application of the energy
constraint to a node-based shape optimization is a remedy for well-known problems
of node-based shape optimization methods with maintaining a smooth and regular
boundary.

1 Introduction

The idea of improving the accuracy of the finite solution by minimizing the potential
energy with respect to the node positions of the mesh has already been investigated
in the seventies and eighties, see e.g. [3,13—15,23,29]. Whereas the relation between
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configurational mechanics and mesh optimization was first pointed out in [10] in the
late nineties. Then, with the growing interest in configurational mechanics, the topic
has recently been taken up again by several researchers, see e.g. [2, 20, 24,25, 30].
In this contribution, we attempt to attack the problem of element distortion as a
consequence of r-adaptivity. Since a positive Jacobian at the Gauss points is a basic
requirement of each finite element analysis, an r-adaptive mesh optimization is al-
ways implicitly subject to constraints, which was to our knowledge first mentioned
in [15]. But this requirement can not avoid the occurrence of arbitrarily distorted
elements since the Jacobian is only a local measure for the physical volume. To
set the distortion of the entire mesh a more reasonable limit, we introduce an in-
equality constraint based on a fictitious energy. The fictitious energy measures the
distortional deformation of the adapted mesh with respect to the initial mesh. The
inequality constraint, the so-called energy constraint, sets an adjustable upper limit
to the fictitious energy and thus allows to control the distortion of the mesh.

Beside the application in r-adaptive mesh optimization, the potential energy of a
mechanical system can be used as an objective functional for a shape optimization
that aims to improve the stiffness of a structure. An almost equivalent approach, a
stiffness optimization based on the minimization of the total strain energy within
the framework of the nonlinear theory, is presented in [22]. If an energy constraint
similar to that that used for the r-adaptive mesh optimization is added to the shape
optimization, the coordinates of boundary nodes can directly be chosen as design
variables. The constraint eliminates well-known problems of node-based methods
with maintaining a smooth and regular boundary. Historically, the node-based ap-
proach was a common practice in early works on finite element based shape op-
timization [16], but the large number of design variables and, more important, the
above mentioned problems with the regularity of the boundaries led to the devel-
opment of other techniques. Well-established is for instance the coupling of a finite
element model with a geometry model based on B-splines, Bézier curves/surfaces,
or NURBS, see e.g. [8,9]. The main advantage of node-based methods compared to
an additional geometry model is the simplicity of model generation, including the
straightforward application of boundary conditions. This advantage motivated the
return to a node-based approach and the search for a regularization technique that
eliminates its main drawback. Recently, a regularization technique for the node-
based shape optimization of shell structures using filter techniques has been pro-
posed in [7]. Another concept that is related to the approach of this contribution is
introduced in [4]; fictitious forces acting on control nodes of a fictitious linear elastic
body are chosen as design variables. Provided that the energy constraint is active at
the optimal solution, the shape optimization method presented here can also be in-
terpreted as the deformation of a fictitious elastic body subjected to fictitious forces,
which are determined (a posteriori) by the Lagrange multipliers and the gradients of
the potential energy and the constraints.

Our contribution is structured as follows. In Section 2, we define the considered
class of mechanical problems and introduce the basic equations of the finite element
analysis. Sections 3 and 4 illustrate the concepts of the r-adaptive mesh and shape
optimization. Section 5 deals with the definition of the fictitious energies for both
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r-adaptivity and shape optimization. In Section 6, two numerical examples illustrate
the effectivity of the proposed regularization technique.

2 Mechanical Problem

We restrict ourselves to linear elastostatic problems that are characterized as follows.
A body occupying the open domain 8 C R? is subjected to conservative volume
forces b and surface tractions t. The deformation is described via the displacement
field u(x), x € B, that is governed by a set of equations consisting of the balance of
momentum

divo+b=0 in B (1)

and the boundary conditions

u=20 on 0B,
o-n=t on 08,

@)

where n denotes the outward normal to the boundary. Note that the Dirichlet bound-
ary conditions are assumed to be homogeneous. The relation between the Cauchy
stresses G and the linear strain tensor € is given by

_v
°= % )

where the free energy ¥ does not depend on X, i.e. the material is homogeneous.
Since the mechanical system is conservative, the equations (1) and (2) are the Euler—
Lagrange equations of the principle of minimum potential energy

I(uy - Min, u=0 on d8B*, ()

where the total potential energy reads

I(u):/l/fdv—/u.bdv—/ u-tda. %)
B B dB!

To solve the variational problem and the related boundary value problem numer-
ically, we apply a Ritz method using a finite element approximation. The domain 8B
is discretized by n,; element domains 8" = UZil B¢, and the geometry and dis-
placements are approximated elementwise by the shape function N ) of a reference
element B¢ parameterized by natural coordinates &

Nen Nen

x(€) =) xXINDE), " =) uONDE), (6)

i=1 i=1
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where x) € 98¢ are the position vectors and u® the nodal displacements. Substi-
tuting the approximation of the displacements u” into the energy functional I, we
obtain the discrete potential energy

Ih(u)=1(uh)=/lwdv—/luh.bdv—f ) u" - tda, (7
BN BN BNt

which is a quadratic scalar function of the nodal displacements. For notational con-
venience, we have introduced the column vector u = [u®, ..., u®)1T that con-
tains the Cartesian coordinates of all unknown nodal displacements. The necessary
(and sufficiency) condition for a minimum of the discrete energy with respect to the
nodal displacements is a linear algebraic system of equations that can be stated in
the familiar matrix notation

rw) =Ku—f=0, (3

where f denotes the load vector and K the stiffness matrix.

3 Configurational r-Adaptivity

If the Dirichlet boundary conditions are homogeneous, the discretization error of a
finite element solution to the variational problem (4) measured in the energy norm
can be expressed in terms of the potential energy as

Juh —u)% = 1" — T(u®) >0, 9)

where u® is the exact solution to the problem. Hence, a reduction of the discrete po-
tential energy is equivalent to a reduction of the discretization error, and the discrete
potential energy can be considered as an error indicator. The concept of config-
urational r-adaptivity is to minimize this error indicator with respect to the node
positions of the mesh. r-Adaptivity is formulated as a problem of nonlinear pro-
gramming that can be attacked with various well-established tools provided by this
mathematical discipline. Further details of this concept are illustrated in the follow-
ing.
The discrete potential energy is interpreted as a function of the nodal displace-
ments and the node positions
"= 1", x), (10)

where the column vector x = [x1, ..., x®)]T contains all variable Cartesian node
coordinates. The nodal displacements u* that solve the discrete mechanical equilib-
rium condition (8) are considered as an implicit function of the node positions

v =u*(x). (11)
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Substituting this result into eq. (10), we obtain the objective function of configura-
tional r-adaptivity, the potential energy in the state of static equilibrium

" (x) = I"(w* (%), %), (12)

which is solely a function of the node coordinates. But I"** is not minimized with
respect to all coordinates. Since every r-adaptivity has to conserve the mechanical
problem, the “motion” of boundary nodes is restricted to geometrical constraints.
Generally, all boundary nodes have to move along the continuous boundary, and
vertex nodes are fixed.

The computation of the gradient of 1"* is straightforward since the implicit de-
pendency of the displacements on the node positions drops out !

gu*  9I"
0x 0x

oI aIn

oIt
du  du B

R*T — -
ox

. (13)

u*,x

u*,x u*,x

If the material is homogeneous and the body forces are zero, the components of R*
that are associated with the nodes can be expressed in terms of the Eshelby stress
tensor as

) (14)

u*,x

R+ :f [1—h"-o] V,NDdv
Bh

and thus are called discrete configurational forces, see e.g. [10,25,28].

Due to several reasons briefly addressed in the following, the minimization of
I"* with respect to X is a challenging numerical problem. Since the Hessian of 1/*
has in general negative eigenvalues, the objective function is usually nonconvex, and
a local minimum is not necessarily a global minimum. Numerical experiments with
examples characterized by inhomogeneous stress fields even suggest that a mesh
with completely vanishing discrete configurational forces, the necessary condition
for a strict (local) minimum, does often not exists. If, as discussed in [27], the op-
timization is explicitly subject to additional inequality constraints that restrict the
deformation of each element, the optimal mesh is usually situated on the boundary
of the feasible domain. Only for very coarse meshes, it is usually possible to determ-
ine a strict (local) minimum, characterized by inactive constraints and a completely
vanishing gradient R*.

Additional constraints that restrict the distortion of the mesh improve the solv-
ability of the problem. Following this idea, we introduce an energy constraint that
sets an adjustable upper limit for a fictitious energy that measures the distortional
deformation of the entire adapted mesh with respect to the initial mesh. In contrast
to [27], only one constraint is introduced, which, according to our experience, again
improves the solvability of the problem. The optimization problem of the r-adaptive
mesh optimization including the energy constraint reads

In eq. (13), we exploit that in the state of static equilibrium % =0.

u*,x
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minimize  1"*(x)
subject to ih x) — jmax <
RE(x) =0, i=1,... 04,

where /" denotes the fictitious energy and ™% g upper limit, and the geometrical
constraints hf?’eo ensure the conservation of the mechanical problem.

Because of the similarity of the considered mesh and shape optimization, both
problems have the same objective function and include an energy constraint, we
first explain the concept of shape optimization before elucidating the design of the
fictitious energies.

4 Configurational Shape Optimization

The (negative) potential of the external forces

—I”’*:/ u*‘bdv—i—/ u* - tda (16)
8 98!

is a common objective functional in topology optimization, leading to the so-called
minimum compliance problem [6]. If the body forces are zero and the surface trac-
tions are fixed, a reduction of —I°*™* with respect to a set of design variables cor-
responds to a reduction of the displacements in the direction of the forces and hence
a maximization of the stiffness. Moreover, if the Dirichlet boundary conditions are
homogeneous, the total potential energy is equal to one half the potential of the
external forces

I = lV* an

2
and a maximization of the potential energy is equivalent to a minimization of — /X,
To improve the stiffness of a structure, we exploit this equivalence and maximize the
potential energy with respect to a set of design variables that control the shape of
the boundary. An advantage of the potential energy compared to the direct use of
the (negative) potential of the external forces as an objective functional is that the
computation of the discrete sensitivities is less expensive since, as shown by eq.
(13), the implicit dependency of the displacements on the node positions drops out.
The discrete shape optimization problem including the energy constraint reads
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maximize I"**(x4)

subjectto I (xg) — I™* < 0
(18)
g;f*(Xd) = 0, ] = 2, ..y g

R (X) =0, i =1,..., e,

where x4 is a column vector that contains the design variables. The energy constraint
allows to control the admissible shape change of the design by varying the upper
limit /™2* of the fictitious energy ["* Additional equality and inequality constraints
hi* =0, g;‘* < 0 describe design restrictions, as for instance a constant volume or
given stress limits.

So far, a star added as a superscript indicates the consideration of the implicit re-
lation between the node points and the displacements determined by the mechanical
equilibrium condition. The double star signifies that a second equilibrium condition
is incorporated that determines the relation between the design variables x4 and all
so-called controlled node coordinates x. that are neither fixed nor assigned to the
design variables. All interior nodes, for instance, are assigned to the controlled node
coordinates X, since they have only a very small influence on the potential energy,
which is only caused by the discretization error. But fixing all interior nodes would
only allow for extremely small geometry changes. To overcome this conflict of ob-
jectives, it is a common practice in shape optimization to define a design velocity
field that relates the “motion” of the interior nodes to that of the design variables, see
e.g. [21,33]. In this contribution, the controlled node coordinates X, are determined
as the minimizers of the fictitious energy

X! (xq) = arg n)l{in " (xe, x4). (19)

Since the fictitious energy is a nonlinear counterpart to a mechanical energy, this
approach corresponds to a nonlinear version of the boundary displacement method
introduced in [32]. The necessary condition for a minimum of the energy with re-
spect to the controlled node coordinates

arh
R’ = =0 (20)

C

- X,

can be interpreted as a fictitious equilibrium condition. To indicate that one or both
implicit relations defined by the mechanical and fictitious equilibrium condition are
incorporated, we add one or two stars as a superscript, i.e.

1" (xg) = 1" (U (x5 (Xa), Xa), X (Xa), Xa)
. . (2))
1" (xg) = I"(X(xq), Xa)-
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Fig. 1 Kinematics of the fictitious energy approach.

Note that the fictitious energy constraint in the definition of the shape optimiz-
ation problem (18) sets an upper limit for the energy in the state of fictitious equi-
librium. This fact plays an important role for the regularizing effect of the energy
constraint, which is explained after the definition of the fictitious energy presented
next.

5 Fictitious Energies

In analogy to nonlinear hyperelasticity, the definitions of the fictitious energies are
based on an objective strain measure. Using scalar invariants of this objective strain
measure, we introduce a local energy that can be interpreted as a fictitious coun-
terpart to the specific free energy. Then, to define the global energies, we perform
either a summation of the local energy evaluated at discrete points or an integration
of the local energy over the initial design. The first approach yields a purely discrete
fictitious energy designed for r-adaptivity and the second approach an energy for
shape optimization that has really the character of a discrete total strain energy.

We start with a brief description of the kinematics, illustrated in Figure 1, that in
principle corresponds to an ALE kinematics, see e.g. [1,5], with the exception that a
third (spatial) configuration is not existent since the mechanical problem is based on
the linear theory. In addition to the current discrete domain B” used for the analysis
of the mechanical problem, we introduce a fixed reference configuration B that
corresponds to the initial mesh and design, respectively. Note that Figure 1 refers to
the shape optimization since the continuous domains corresponding to 8" and B
do not coincide. Using a standard isoparametric finite element formulation for the
large strain theory, see e.g. [17,31], we introduce the CY-continuous deformation
mapping ¢" : 8" — B". The basic kinematic quantity for the definition of the
fictitious energies is the gradient of this deformation mapping with respect to the
coordinates of the initial mesh, which can be computed within each element using
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Hen
f=Vipr =) xD@V;ND. (22)

i=1
To penalize distortional deformations, we define a fictitious local energy
U(@E%°) = 1: 8% — ngim, (23)

where ) . R A A
giso _ J-—2/ﬂdim ff.f with j = det(d (24)

is defined in analogy to the isochoric part of the usual right Cauchy—Green strain
tensor. The number of dimensions ngijp, is subtracted to normalize the energy, i.e.
to set 1&(1) = 0. Superimposed dilatational deformations are by intention allowed
and thus our penalizing fictitious energy 1/} does not depend on the volumetric part
¢Vl = f 2/ndgim4 | The fictitious local energy takes its global minimum value if and
only if the deformation gradient is a scalar multiple of a rotation tensor, i.e. I/Af >0,
where 1& = 0 if and only if f = @q with q € SO (ny) and « > 0. Hence, the current
configuration is “stress free” if f=uaq.
The global energy for the r-adaptive mesh optimization has the general form

nel  Ng
M=% "gEE), (25)

i=1 j=1

where F,(j ) are special evaluation points. To ensure that the energy constraint always
guarantees a feasible mesh with positive Jacobians, we use an energy that goes to
infinity if only one element within the mesh tends to invert. For the given local
energy, this property can be generated by a suitable choice of the evaluation points
é(j ), at least for certain element types. For triangular and tetrahedral elements, one
arbitrary point within each element is sufficient since f¢ is constant. In the case of
bi- and trilinear quadrilateral and hexahedral elements, the local energy has to be
evaluated at all vertices of each element. Note that the global energy defined by
eq. (25) is closely related to objective functions designed for mesh smoothing, see
e.g. [18,19,26]. The main difference, apart form scaling and normalization, is that
the energy used here measures the deformation with respect to the (discrete) initial
configuration, and not with respect to a fictitious mesh consisting of ideal elements,
e.g. equilateral triangles or regular tetrahedrons.

Based on the local energy, the discrete global energy of the shape optimization is

defined as .
el
i" =f vy dd = f U () db. (26)
B ; Be

This definition combined with the boundary displacement method described in Sec-
tion 4 allows to interpret the proposed shape optimization as the deformation of an
artificial body. To derive this interpretation, we consider the first order part of the
Karush—Kuhn—-Tucker necessary conditions of the optimization problem (18) that
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reads

31** Ih* Mg ** Teq h**

_Bxd +Z e Z

27)

where A; and A ; denote the Lagrange multipliers. If the energy constraint is active
and A1 > 0, which is usually the case in practice, the first equation of the necessary
conditions can be rearranged and divided by A to obtain

af 1 I %AJ- g K ay Ok

=0. (28)
- A 0Xy4 = A 0Xy4

0Xy B H 0Xy

This result can be interpreted as an equilibrium: the discrete configurational forces
and the gradients of the constraints scaled by the quotients of the Lagrange multipli-
ers play the role of discrete external surface forces that are in equilibrium with the
discrete forces of an artificial body with the fictitious total strain energy ", Note
that these forces act only on the design variables since all fictitious internal forces
associated with controlled nodes vanish due to the fictitious equilibrium condition
27).

6 Numerical Experiments

In the following we present two numerical experiments that illustrate the effectiv-
ity of the proposed regularization technique. The mechanical problems of both ex-
amples are characterized by a homogeneous isotropic linear elastic material with a
Young’s modulus and a Poisson’s ratio of E = 200000 N/mm? and v = 0.3.

To solve the constrained optimization problems of r-adaptivity and shape op-
timization numerically, we have applied the penalty-barrier algorithm described
in[11,12].

6.1 Cracked Specimen

The mechanical problem of the first numerical example, a cracked plate subjected to
tension, is illustrated in Figure 2a. Exploiting the symmetry of the problem, we have
modeled only the upper half of the plate. The boundary conditions of the r-adaptive
mesh optimization are depicted in Figure 2b. All results presented in the following
refer to initial discretizations with regular meshes consisting of linear triangular
elements. The energy constraint was active in all performed optimizations.

Figures 3a and 3b show a mesh with 441 nodes before and after the r-adaptive
optimization of the node positions. As a result of our optimization strategy, nodes
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Fig. 2 Cracked specimen: (a) mechanical problem, (b) boundary conditions of the r-adaptive mesh
optimization.

a) b)

Fig. 3 Cracked specimen: (a) initial discretization, (b) optimized discretization. The arrows in both
figures represent discrete configurational forces. Due to the active energy constraint, the configur-
ational forces of the optimized mesh do not completely vanish.

concentrate in the vicinity of the crack tip, where the inhomogeneous stress field of
the singularity causes a high discretization error and large (discrete) configurational
forces. The energy limit was set to jmax — 08 Ney, Where ney is the total number of
evaluation points of the fictitious local energy, i.e. ney is the total number of terms
in the sum (25) that defines the fictitious global energy.

In the diagram 4a, the discretization error measured in the energy norm is plot-
ted versus the average global energy [max /neyv. To compute the discretization error
based on formula (9), we have approximated the potential energy of the analytical
solution by a finite element analysis with a regular mesh consisting of 80000 ele-
ments. The qualitative behavior of the three curves representing three discretizations
with an increasing number of nodes is very similar. With an increasing energy limit,
the discretization error decreases monotonically, but a saturation effect is observed.
From a practical point of view, it makes no sense to choose ™3 /pe, > 0.8 in the
given example. For comparison, the diagram also shows the discretization error of
an regular mesh with 10000 nodes which is higher than that of the adapted mesh
with 841 nodes. The relative decrease of the discretization error with respect to the
initial mesh is plotted in Figure 4b. For the finest discretization with 841 nodes, a
decrease of 83% is achieved.
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Fig. 4 Cracked specimen: (a) evolution of the energy error for increasing values of the energy
limit I™* /n.y, (b) evolution of the relative decrease of the energy error (with respect to the initial
meshes).
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Fig. 5 Sheet metal part: (a) and (b) initial design with two different mechanical boundary condi-
tions.

6.2 Sheet Metal Part

The second numerical experiment is concerned with shape optimization and shows
that the energy constraint allows for an optimized design with a smooth shape
without the application of an additional geometry model.

Figures 5a and 5b illustrate the considered mechanical problems: a sheet metal
part clamped at the two horizontal straps is either subjected to one or three surface
loads. The part is discretized by two layers of 648 hexahedral elements with 1115
nodes. The coordinates of all boundary nodes except the nodes on the quadratic
areas where the Dirichlet boundary conditions and surface loads of the mechanical
problems are applied are chosen as design variables. The shape optimization aims
to maximize the stiffness of the part by maximizing the potential energy. Beside the
energy constraint, the optimization is subject to the volume constraints V < Vj,
where V) denotes the initial volume.

Figures 6a—d show the von Mises stress distribution of the initial design and the
optimized design for both mechanical problems. The maximum von Mises stresses
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Fig. 6 Sheet metal part: (a) and (b) von Mises stress distribution of the initial and optimized design
corresponding to the mechanical problem illustrated in Figure 5a; (c) and (d) von Mises stress
distribution of the initial and optimized design corresponding to the mechanical problem illustrated
in Figure 5b.

decrease significantly since the optimization improves the equal distribution of the
free energy. Figure 6b shows an optimized design one would intuitively expect for
the given optimization problem; the improved stiffness is realized by transforming
the bending load into a tension load. In Figure 6d the improvement is realized by
ribs that increase the moment of inertia of the cross sectional area. The optimization
of the stiffness results in a 22 times increase for the design change 6a=>6b and an
8 times increase for the design change 6¢=-6d. Note that these numerical values
refer to the inverse (negative) potential of the external forces as a measure for the
stiffness.

The upper limit of the fictitious energy was set to [™* = 0.02 Vj. Since the
fictitious global energy is defined by a volume integral over the initial design, it is
useful to determine the energy limit fmax by prescribing the average value Jmax / Vo,
where, according to our numerical experience, fmax /Vo = 0.01 is often a good
choice to start with. The energy constraint is active for both mechanical problems,
whereas the volume constraint is active only in the second example with 3 surface
loads.

7 Conclusions

A new regularization technique for r-adaptivity and shape optimization based on a
fictitious energy constraint has been presented. The focus was on the overall concept
of the r-adaptive mesh and shape optimization including the applied regularization.
Details concerning the the reliability of the algorithms or the numerical effort have
not been elucidated yet. Hence, some remarks on the two last named subjects. Ac-
cording to our experience, the reliability of the shape optimization algorithm based
on a penalty barrier method is high, whereas that of the r-adaptive mesh optimiza-
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tion needs further improvements. Concerning the numerical effort both algorithms
should be improved, especially the r-adaptive mesh optimization since it has to com-
pete against h-adaptive schemes.

Another interesting subject is the question whether the fictitious energy of the
shape optimization can be replaced by a linear energy, not in general but for certain
applications. The main argument for the nonlinear approach is that shape optimiza-
tion often goes along with large changes of the initial shape. Therefore, a geomet-
rically nonlinear objective strain measure for the definition of the fictitious energy
seems to be natural.

Acknowledgement

The authors would like to thank the “Deutsche Forschungsgemeinschaft” (DFG) for
the support of this work under grant STE 544/24.

References

1. Armero, F. and Love, E.: An arbitrary Lagrangian—Eulerian finite element method for finite
strain plasticity. Int. J. Numer. Meth. Engng. 57, 2003, 471-508.

2. Askes, H., Kuhl, E. and Steinmann, P., An ALE formulation based on spatial and material
settings of continuum mechanics. Part 2: Classification and applications. Comput. Methods
Appl. Mech. Engrg. 193, 2004, 4223-4245.

3. Bathe, K.J. and Sussman, T.D., An algorithm for the construction of optimal finite element
meshes in linear elasticity. ASME, AMD, Computer Methods for Nonlinear Solids and Struc-
tural Mechanics 54, 1983, 15-36.

4. Belegundu, A.D. and Rajan, S.D., A shape optimization approach based on natural design
variables and shape functions. Comput. Methods Appl. Mech. Engrg. 66, 1988, 87—106.

5. Belytschko, T., Liu, W.K. and Moran, B., Nonlinear Finite Elements for Continua and Struc-
tures. Wiley, 2000.

6. Bendsge, M.P. and Sigmund, O., Topology Optimization. Springer, 2003.

7. Bletzinger, K.U., Firl, M., Linhard, J. and Wiichner, R., Optimal shapes of mechanically mo-
tivated surfaces. Comput. Methods Appl. Mech. Engrg., 2008, published online.

8. Braibant, V. and Fleury, C., Shape optimal design using B-splines. Comput. Methods Appl.
Mech. Engrg. 44, 1984, 247-267.

9. Braibant, V. and Fleury, C., An approximation-concepts approach to shape optimal design.
Comput. Methods Appl. Mech. Engrg. 53, 1985, 119-148.

10. Braun, M., Configurational forces induced by finite-element discretization. Proc. Estonian
Acad. Sci. Phys. Math. 46, 1997, 24-31.

11. Breitfeld, M.G. and Shanno, D.F., A globally convergent penalty-barrier algorithm for non-
linear programming and its computational performance. Technical Report RRR 12-94, RUT-
COR, 1994.

12. Breitfeld, M.G. and Shanno, D.F., Computational experience with penalty-barrier methods for
nonlinear programming. Ann. Operations Res. 62, 1996, 439-463.

13. Carroll, W.E. and Barker, R.M., A theorem for optimum finite-element idealizations. Int. J.
Solids Structures 9, 1973, 883-895.

14. Felippa, C.A., Numerical experiments in finite element grid optimization by direct energy
search. Appl. Math. Modelling 1, 1976, 239-244.



A Regularization Technique for Configurational r-Adaptivity and Shape Optimization 25

15.
16.
17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

Felippa, C.A., Optimization of finite element grids by direct energy search. Appl. Math. Mod-
elling 1, 1976, 93-96.

Haftka, R.T. and Grandhi, R.V., Structural shape optimization — A survey. Comput. Methods
Appl. Mech. Engrg. 57, 1986, 91-106.

Hughes, T.J.R., The Finite Element Method. Dover Publications, 1987.

Knupp, P.M., Achieving finite element mesh quality via optimization of the Jacobian matrix
norm and associated quantities. Part II — A framework for volume mesh optimization and the
condition number of the Jacobian matrix. Int. J. Numer. Meth. Engng. 48, 2000, 1165-1185.
Knupp, PM., Algebraic mesh quality measures. SIAM J. Sci. Computing 23, 2001, 193-218.
Kuhl, E., Askes, H. and Steinmann, P., An ALE formulation based on spatial and material
settings of continuum mechanics. Part 1: Generic hyperelastic formulation. Comput. Methods
Appl. Mech. Engrg. 193, 2004, 4207-4222.

Lindby, T. and Santos, J.L.T., 2-D and 3-D shape optimization using mesh velocities to integ-
rate analytical sensitivities with associative CAD. Structural Optimization 13, 1997, 213-222.
Materna, D. and Barthold, F.J., On variational sensitivity analysis and configurational mech-
anics. Comput. Mech. 41, 2008, 661-681.

McNeice, G.M. and Marcal, P.V., Optimization of finite element grids based on minimum
potential energy. Trans. ASME, J. Engrg. Ind. 95(1), 1973, 186-190.

Mosler, J. and Ortiz, M., On the numerical implementation of varational arbitrary Lagrangian—
Eulerian (VALE) formulations. Int. J. Numer. Meth. Engng. 67, 2006, 1272—1289.

Mueller, R., Kolling, S. and Gross, D., On configurational forces in the context of the finite
element method. Int. J. Numer. Meth. Engng. 53, 2002, 1557-1574.

Munson, T., Mesh shape-quality optimization using the inverse mean-ratio metric. Math. Pro-
gram. 110, 2007, 561-590.

Scherer, M., Denzer, R. and Steinmann, P., Energy-based r-adaptivity: A solution strategy and
applications to fracture mechanics. Int. J. Frac. 147, 2007, 117-132.

Steinmann, P., Ackermann, D. and Barth, F.J., Application of material forces to hyperelasto-
static fracture mechanics. Part II: Computational setting. Int. J. Solids Structures 38, 2001,
5509-5526.

Sussman, T. and Bathe, K.J., The gradient of the finite element variational indicator with re-
spect to nodal point co-ordinates: An explicit calculation and application in fracture mechanics
and mesh optimization. Int. J. Numer. Meth. Engng. 21, 1985, 763-774.

Thoutireddy, P. and Ortiz, M., A variational r-adaption and shape-optimization method for
finite-deformation elasticity. Int. J. Numer. Meth. Engng. 61, 2004, 1-21.

Wriggers, P., Nichtlineare Finite-Element-Methoden. Springer, 2001.

Yao, T.M. and Choi, K.K., 3-D shape optimal design and automatic finite element regridding.
Int. J. Numer. Meth. Engng. 28, 1989, 369-384.

Zhang, S. and Belegundu, A.D., A systematic approach for generating velocity fields in shape
optimization. Structural Optimization 5, 1992, 84-94.



Some New Properties of the Eshelby Stress
Tensor

Erwan Verron, Malik Ait-Bachir and Philippe Castaing

Abstract The Eshelby stress tensor is known to be an appropriate Continuum Mech-
anics quantity to capture singularities. Nevertheless, even if its use in the calculation
of configurational forces is well-established, its peculiar properties were investig-
ated only recently. Here, some new properties of this tensor are studied. In this way,
it is assumed that the evolution of microscopic defects in the material can be pre-
dicted at the macroscopic scale by examining the components of the Eshelby stress
tensor. More precisely, considering that defects can be modeled by material surfaces
oriented in all possible directions and assuming that they are able to evolve in every
possible directions, it is shown that the maximum amount of energy which can be
released by defects evolution is partially contained in the tensor. In the special case
of hyperelasticity, the corresponding optimization problem is established and solved
for both isotropic and anisotropic materials.

1 Introduction

The theory of Configurational Mechanics was introduced by Eshelby in [4] when
he proposed the concept of energy-momentum tensor and configurational forces
in continuum mechanics of solids by studying the driving force of a moving de-
fect. Twenty years later, both Eshelby [5] and Chadwick [2] extended the previous
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theory to finite strain. More recently some authors revisited these studies and estab-
lished the general framework of Configurational Mechanics also designated as the
Eshelbian Mechanics and Mechanics in the Material Space [6,9, 11, 12].

In the majority of studies involving Configurational Mechanics, only configura-
tional forces are investigated through the calculation of path-independent integrals
around inhomogeneities, because these forces are recognized as the driving forces
of defect evolution. So, the Eshelby stress tensor only appears in the definition of
surface tractions, i.e. after contraction with the outward normal of the contour. Most
of these works focus on Fracture Mechanics (see for example [16] and the refer-
ences herein). Moreover, as proposed in [10], other problems can be analyzed with
the help of the Eshelbian framework: dislocations in metal, movement of interfaces
in two-phase bodies, etc. Opposite to the case of configurational forces, only few
studies are concerned with the peculiar properties of the Eshelby stress tensor. As
an example, for the linear theory, the physical significance of the Cartesian compon-
ents of this tensor were identified only recently by Kienzler and Herrmann [8]. More
recently, Verron and co-workers proposed to use some components of the Eshelby
stress tensor to predict fatigue damage in elastomers [1, 17, 18].

By generalizing and rationalizing the derivation proposed in [17], the present
paper will examine some properties of the Eshelby stress tensor. In this way, the
evolution of the microstructure of a given material will be studied by considering
the evolution of oriented material surfaces under loading. The approach will exhibit
the relevance of the polar decomposition of the tensor and define the significance of
this decomposition with regards to microstructural evolution. Finally, this work will
be illustrated by considering the extension of a transversely isotropic hyperelastic
strip.

2 Evolution of Microstructural Defects by Considering the
Eshelby Stress Tensor

2.1 Formulation of the Problem

Consider a body defined by its reference configuration (Cr), i.e. a set of particles
in the material manifold M?3; it is depicted in Figure 1. One particle P of this set is
located at X in the physical space €. Under mechanical loading, the body deforms
and occupies a time sequence of physical configurations (in €%). Let (€) be the
body configuration at time ¢ defined by the mapping x(X, ) and by its gradient
F(X, #). As shown in Fig. 1, when loading is removed the body will, in general,
occupy a new stress-free configuration (C}) defined by the motion gradient f(x, 7).
Both configurations (Cg) and (C%) represent natural configurations of the body
[14]. The physical reasons for a body to possess different natural configurations
can be very diverse. Indeed, it is the consequence of structural rearrangements at
the microscopic scale, e.g. movement of dislocations, cavitation, cleavage fracture,
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Fig. 1 Deformation of a
body: macroscopic scale.

AT g

Fig. 2 Idealized microstruc-
tural change in the RVE

which manifests in various ways at the mesoscopic scale, e.g. plasticity, damage;
or at the macroscopic scale, e.g. crack growth. If the material is perfectly elastic,
f = F~! and the natural configurations (Cg) and (G}Q) are identical. Nevertheless,
if irreversible microstructural changes take place during the motion, the gradient f
can be considered close, but not equal, to FL

In the latter case, this slight change of configuration is the macroscopic counter-
part of a microstructural evolution. In order to illustrate this change, the Represent-
ary Volume Element (RVE) which is phenomenologically embedded in the particle
P should be considered. The following idealized representation of the RVE is ad-
opted: it contains both bulk material and various defects which are schematized by
oriented material surfaces as shown in Figure 2. These surfaces, which can repres-
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Fig. 3 Evolution of the de-
fects modeled by oriented
material surfaces.

ent for example microscopic cracks, are defined by their normal vector N and it is
assumed that their orientations are isotropically distributed. Under motion, the size
and shape of the RVE (see the grey square in Figure 2) do not change: the micro-
structural rearrangement does not change the definition of the RVE, i.e. at the Con-
tinuum Mechanics scale, the motion is reversible. Nevertheless, the defects deform
reversibly or irreversibly, and in the latter case the microstructural rearrangement
leads to the definition of the new reference configuration (C}) in Figures 1 and 2.

As advocated in [3, 13], the Eshelby stress tensor X is the driving force which
governs local structural rearrangement. This tensor is defined by

T = WI-FP, (1)

where W is the strain energy density per unit of undeformed volume which a priori
depends on both F and X, P is the Piola-Kirchhoff stress tensor and -’ denotes the
transposition. To quantify the energy change involved during the rearrangement, we
consider that a given material surface (defined by its unit normal vector N) is sub-
jected to a material unit translation # between the natural configurations (Cg) and
(C%) as shown in Figure 3. In 1997, Kienzler and Herrmann identified the physical
significance of the components of the Eshelby stress tensor in the linear context [8]:
“[the i j-component] of the Eshelby tensor is the change in the total energy density
at a point of an elastic continuum due to a material unit translation in x; direction of
a unit surface with normal in x;-direction”. Extending this definition to finite strain
and to arbitrary direction, it can be established that the scalar # - XN represents the
change of energy due to the evolution of the material surface defined by the unit nor-
mal vector N and the material unit translation # between the natural configurations
(CRr) and (C}).

To go further in the derivation, a strong assumption is adopted: it is considered
that the microstructural change is only due to the evolution of only one set of sur-
faces (only one orientation of defects, i.e. only one vector N) in only one material
translation (only one vector #) such that the body reduces as much as possible its
total energy. Recalling that energy changes are defined positively in X, the problem
reduces to the following constraint optimization problem:

max 6 - (—X)N 2
N,0
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with two equality constraints
INIl'=1, el =1, 3)
and two inequality constraints
N-6>0, 6-(—-X)N=>0. 4)

The two equality constraints Eq. (3) specify that both the normal vector to the ma-
terial surface and the material translation vector are unit vectors. The inequality
constraints Eq. (4) express that the microscopic defects can only open: Eq. (4); en-
sures that N and @ are in the same semi-plan, Eq. (4)2 ensures that energy can only
decrease due to defects evolution. Finally, the scalar measure of the damage ¥* can
be chosen as the maximum of the function 6 - (—X)N.

Remark. The quantity * which solves the optimization problem represents the
energy involved in the evolution of the oriented material surface (with normal N).
The assumptions required to use the Eshelby stress tensor in this context are: (i) the
size of defects is very small compared with the size of the RVE, and (ii) the density
of defects is also very small, i.e. defects do not interact. It means that this approach
is able to localize the damage in the material, but can not be used to calculate the
energy release rate of defects because such a quantity obviously includes the size of
defects.

2.2 Mathematical Solution

2.2.1 Special Case of an Isotropic Elastic Material

As shown in [3], the Eshelby stress tensor satisfies the following symmetry condi-
tion:
XC=CY', &)

where C is the right Cauchy—Green strain tensor. Moreover, recalling that ¥ can be
written in terms of C and of the second Piola—Kirchhoff stress tensor S,

Y =WI-CS (6)

and noting that in the special case of isotropic elasticity C and S are coaxial and
commute, the Eshelby stress tensor is symmetric.

So, X being a symmetric tensor, it possesses three real eigenvalues denoted
(X%;);i=1,3 and their corresponding eigenvectors (V;);=1,3 which are orthogonal one
to each other. In this case, the solution of the optimization problem reduces to:

=¥ = |min ((Zi)i=12,3. 0)| @
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and if * # 0,
N=0=V* (8)

which is the eigenvector associated with —X*. In this case, the defects with normal
V* will grow by extending in a plane orthogonal to V*.

2.2.2 General Case

More generally, the Eshelby stress tensor is not symmetric, it only satisfies Eq. (5).
In order to solve the optimization problem, we consider the right polar decomposi-
tion of X:

=TT, ©))

where I is an orthogonal tensor (a reflection or a rotation tensor depending on the
sign of its determinant) and Y is a positive definite symmetric tensor (when X is
invertible). These tensors are defined by

Y=vVX¥ and T=3xYl (10)
In this case the solution vectors are
N=V* and § =TIV* (11

where V* is the eigenvector associated with the largest eigenvalue of Y. If these
vectors are not in the same semi-plan, i.e. if they do not satisfy Eq. (4)1, the solution
of the whole optimization problem (with constraints) Eqgs. (2-4) is equal to 0 sim-
ilarly to Eq. (7). Otherwise, the maximum of the function 6 - (—X) N is the largest
eigenvalue of Y:

5 = max (V)= 3) - (12)

In this case, the defects with normal V* will grow by extending (and being distorted)
in a plane of normal I'V*.

3 Example

First, the case in which the Eshelby stress tensor is symmetric and which corres-
ponds to isotropic elasticity was recently examined in [17]. Authors applied this res-
ult to the problem of fatigue loading of rubber materials. Using Eq. (7), they derived
a new predictor for rubber fatigue and they demonstrated its ability to reproduce
multiaxial loading conditions and to predict macroscopic fatigue crack orientation.

So, the following example will focus on the second result derived in Sec-
tion 2.2.2, Eqs (11-12). We consider the simple problem of uniaxial extension of
a transversely isotropic hyperelastic strip. More precisely, the problem consists in
extending a rubber-like thin strip reinforced with long fibers oriented in a given
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I — . f

€]

Fig. 4 Extension of a rein-
forced fiber elastic strip.

direction ag, as shown in Figure 4. The angle between the fiber direction, i.e. ag,
and the loading direction, i.e. ey, is denoted «. Following the work of Spencer [15],
the strain energy density per unit of undeformed volume for a homogeneous trans-
versely isotropic material W can be written as a function of five invariants: the three
classical isotropic invariants

1
=uC. h=3 [(trC)2 _ trCz] . I3 = detC, (13)

and two additional invariants
L=t (C:A), 15=tr<C2:A), (14)

where A is the orientation tensor ag ® ag. Here, the simplest transversely isotropic
rubber-like constitutive equation is adopted: the material is considered incompress-
ible (I3 = 1) and the strain energy density is assumed to only depends on /; and
Iy

W (C,a0) = C1 (It = 3) + C4 (Is = 1%, (15)

where the two material parameters were set to C; = 1 and C4 = 2 in order to
emphasize the effect of fibers. In the special cases for which the loading direction
is parallel (¢ = 0°) or perpendicular (@ = 90°) to the fiber direction, a given
extension can be prescribed and the problem can be solved analytically (see for
example [7]). Nevertheless, for other fiber orientations the finite element method
should be considered; here we used the software COMSOL Multiphysics. Compu-
tations are performed by considering only half of the strip (symmetry with respect
to the x; = 0-axis), the plane stress assumption is adopted (the incompressibility
constraint leads to a change in thickness of the strip) and the strip is extended by
prescribing the force f in order to obtain an uniform deformation gradient in the
whole strip.

Practically, for a given extension ratio A, simulations with prescribed force f
are conducted to determine the value of the force such that F;; = A. To show
quantitative results we plot the evolution of the directions of V* (normal vector to
the critical material plane) and T'V* (material direction of evolution) with respect
to the fiber directions in Figure 5. It is to note that for both « = 0° and o« = 90°,
even if the material is not isotropic, the deformation gradient is diagonal and then
the Eshelby stress tensor is symmetric. Thus the problem reduces to the special case
studied in Section 2.2.1; the normal vector to the material surfaces and the normal
to the plane in which they will grow are identical. In other cases, they are different.
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Fig. 5 (e) Orientation of the critical material plane which could release the maximum of en-

ergy: (e, V*). (0J) Orientation of the corresponding material translation (eﬁ*). Left-hand side
graph: A = 2; right-hand side graph: A = 4.

Fig. 6 » = 4-extension ) [

of a transversaly isotropic K’ F’H
hyperelastic strip: (a) @ = 0°, [ |

(b) @ = 30°, (c) @ = 60° and

(d) @ = 90°. (c) (d)

Finally, Figure 6 shows some qualitative results obtained for four fiber orienta-
tions. This figure illustrates with simple sketches four particular quantitative results
given in Figure 5: for A = 4, it exhibits the orientation of the critical material sur-
faces (V*) and the direction of the material translation (I'V*) for four fiber orienta-
tion angles.

4 Discussion

The present paper is only a second step towards the understanding of the physical
significance of the Eshelby stress tensor components, after the one of Kienzler and
Herrmann. The relevance of the polar decomposition of the Eshelby stress tensor
was demonstrated by considering that this tensor is the driving force of microstruc-
tural evolution. For an idealized RVE, it was shown that the “pure material stress
tensor” Y can be considered as a measure of the microstructural damage and of
the direction of defects that will grow, and also that the “rotational material stress
tensor” I’ contains the way these defects will evolve.
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On Configurational Aspects of Finite
Deformation Inelasticity: A Variational
Approach Versus the Transformation of
Balance of Momentum

A. Menzel and B. Svendsen

Abstract The main goal of this contribution consists in reviewing two different ap-
proaches that both account for the so-called material or rather configurational bal-
ance of linear momentum representation. One formulation considered is based on
variational strategies, the other framework studied makes use of transforming the
standard spatial balance of linear momentum relation. While the similarity of both
approaches is obvious for the purely elastic case — in other words, when all quant-
ities of interest are derived from potentials — inelastic response requires, in view
of the variational formulation, incremental strategies and, moreover, renders addi-
tional contributions to the volume forces that reflect the material’s inhomogeneity.
The general kinematics framework is kept as simple as possible but embedded into
a large strain setting, i.e. a simple continuum is considered, the multiplicative de-
composition or rather the introduction of a material isomorphism is adopted, and
further hardening effects are neglected.

1 Introduction

Engineering materials are nowadays often designed for particular advanced applica-
tions in the various fields of modern technology. Commonly, it is the specific sub- or
micro-structure of the material that is shaped and used to influence the overall prop-
erties of, for instance, a high-performance composite or metal structure. Either the
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production process itself or the deformation of the specimen — to give an example,
think of a forming process of a rolled sheet metal — renders the material body con-
sidered to possess so-called inhomogeneities, which furthermore also evolve.

The sound modelling and description of such material inhomogeneities as well
as heterogeneities dates back to the pioneering work by Eshelby; see the collected
papers in [10]. Related forces that drive the evolution of these inhomogeneities have
been variously designated in the literature, for example as pseudo forces, material
forces, configurational forces, and so forth; for an overview, the reader is referred
to the monographs by Hanyga [8], Maugin [11], §i1havy [22], and Gurtin [4]. The
derivation of, for instance, configurational forces can be based on either transform-
ation operations — see, among others, [24] — or variational strategies as discussed
in [19,21]. As shown, for example, in [29], the variational formulation of configura-
tional fields and balance relations can be extended to inelastic effects by making use
of incremental variational formulations as proposed and elaborated by Hackl [7],
Ortiz and Repetto [20], Miehe [17], and Carstensen et al. [1].

A general and well-established continuum approach to model local inelastic de-
formation in crystalline metals is based on incorporating these inelastic effects by
means of an elastic material isomorphism. In the configurational context, this de-
formation may also locally embody the materials inhomogeneity; see [25,26] and
references cited therein. In this regard, the pioneering contribution by Noll [18]
already emphasises that, in case of inhomogeneities being present in the body con-
sidered, the standard balance of linear momentum relation does not directly capture
these material properties. Furthermore, a framework accounting for the related ma-
terial forces within this nowadays classical inelasticity approach has been proposed
in [3, 12], or similarly in [13]. Due to the overall incompatibility of the locally
defined material isomorphism, dislocation structures are included in these model-
ling approaches — either in terms of the corresponding inelastic connection, or in
terms of the corresponding dislocation density tensor; see, for example, [15,23]. In
general, such dislocation-related quantities can be used to enhance field or evolu-
tion equations for the underlying material isomorphism, or additionally be incor-
porated as arguments into energy potentials; see, for instance, [14] and references
cited therein, or [5,6,9,27].

The main purpose of this contribution is to review some essentials of the two dif-
ferent approaches to the formulation of configurational fields and balance relations
mentioned above, namely the variational and a transformation-based formulation. In
order to simplify the subsequent investigations, we restrict ourselves to simple con-
tinua and, moreover, neglect any further hardening mechanisms. It turns out that the
two configurational balance of linear momentum relations share common character-
istics even for the inelastic case and, concerning future research, a numerical finite-
element-based study is of particular interest in order to compare both strategies in
more detail. Additional background information on the subsequent outline can also
be found in [16, 28, 30].
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Fig. 1 Essential kinematics: mappings and local transformation quantities.

2 Basic Considerations

To introduce notation and in order to summarise the kinematics background es-
sential to the subsequent elaborations, this section reviews fundamental concepts
nowadays well-established in continuum inelasticity. To be specific, we make use of
what commonly is denoted as the multiplicative decomposition of the deformation
gradient or rather introduce a material isomorphism.

Let the sufficiently smooth motion of a body B be characterised by the mapping
x=9(X,1): Bp x T — B;. Here, the referential position of a material particle is
represented by X € By, and its spatial or current position at time ¢ by x € B;. Apart
from the deformation gradient F = Vx¢, the material behaviour is determined here
by the local inelastic deformation Fp. Assuming as well from the configurational
point of view that the material behavior is inhomogeneous, the stored energy is
given by

v =vy(F.F;X). ey

In the current work, F,, is modeled in particular as an elastic material isomorphism.
In this case, there exists a reduced form W, of the stored energy such that
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Vo (F, Fp: X) = Wy (F - F 1 X) = Wy (F,; X) (2

holds. This in turn implies a direct coupling of both deformation measures as shown
in Figure 1. Representing an energy density, we have

Wo=Jp Wp=J Wi, 3)

with Jp = det(F}) and J = det(F) = J. Jp. Besides F;, being such an isomorphism,
two further assumptions about its constitutive nature are considered. In the first case,
F}, is assumed to be a material uniformity, i.e.,

Yo (F, Fy; X) = 9o (F, Fy (X)) . )

Here, further material inhomogeneities are excluded. Alternatively, consider the
case that F}, is materially constant, but the material properties may be heterogen-
eous, 1.€.,

YoF. Fp: X) = o (B Fy| oo X0 5)

For the moment, attention is focused on equation (2); later, we come back to equa-
tions (4) and (5). In what follows, similar restrictions on Fp will also be made for
the dissipation potential.

Besides these basic assumptions on the nature of F,, the particular form of the
strain energy function is restricted by the principle of material frame-indifference
and the material’s symmetry properties. To be specific, Wy must remain invari-
ant under the spatial action of the orthogonal group on the deformation gradient,
Wo(Fe; X) = Wo(q - Fe; X) with ¢* = q_l, so that the related directional derivative
with respect to . = exp(e w) - q results in

[0pWo -Fil:w=0 Vw=-—w. (6)

When assuming the material body to be isotropic, we similarly obtain the relation
that the strain energy function does not sense any material action of the orthogonal
group on Fe, i.e. Wo(Fe; X) = Wo(F. - Q; X) with Q' = Q~!. Consequently, the
directional derivative as based on Q. = exp(¢ W) - Q yields

[FL-0p Wo]:W=0 VW=-W. (7)

Please note that equation (6) and equation (7) render — when adopting a hyper-elastic
stress form — the Kirchhoff and Mandel stresses to be symmetric. Moreover, the
kinematics framework reviewed in this section can straightforwardly be extended to
so-called higher-gradient continua, which is not discussed in this contribution.

The particular representation of the material isomorphism F), is here assumed to
be determined by means of an appropriate evolution equation, the particular form of
which is not specified in this work. Hence, F}, may in general depend on the material
placement X but — as a consequence of being constrained by the evolution equation
itself — cannot be varied independently.
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3 Variational Approach

The variational approach adopted in the following captures the material’s properties,
inhomogeneities, and hereogeneities by means of a so-called incremental potential.
As point of departure we start with the balance of entropy, from which field equa-
tions in local form can be derived. By introducing the dissipation rate density Dg as
well as the traction vector t we recall for an isothermal and quasi-static setting that

W0+DodV=/ t-¢dA, (8)

Bo 989

wherein contributions stemming from additional volume forces as well as singular
surfaces are not considered and the notation @ = 9; e |x characterises the material
time derivative. Since the kinetics of dislocation activation and motion are dissipat-
ive, the evolution of F, is determined via a dissipation potential

P = Py(F,; X) ©
via the evolution-constitutive relation
an Ro=0 (10)
for F, in terms of the rate potential
Ry=Wo+ Py. (11)

In order to satisfy the dissipation principle sufficiently, Dy is assumed convex in Fp,
such that Dy = 3Fp Py : Fp > Py (and Dy = Py in case of rate-independence).
Similarly to the assumptions on the stored energy, the dependency of the dissipation
potential on F}, maybe further reduced to

Po(Fy; X) = Py(Fp(X))  or  Py(F,; X) = Po(Fy| X). (12

constinX’

In analogy to equation (8) we now compute the variation of the bulk contribution,

namely
8/ RodV=/8FR0~8FdV=/ t-dp dA, (13)
Bo Bo By

via (10). Because Fj, is assumed to vary constitutively with F, it is implicitely in-
cluded in the variation with respect to F in equation (13). By making use of the
identity )

0pRo : 0F =Vx - [89 - 0z R0 ] —[Vx - R0 ] - 69 (14)

together with the divergence theorem, one obtains

[Vx - 3pRol - 8¢ dV+/ [t — 3gRo - N]- 8¢ dA =0 (15)
Bo 98Bo
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with N denoting the outward surface unit normal vector. Accordingly, the corres-
ponding local form reads

Vx-0pRo=0in By and t=20;Ro-N on 9B]. (16)

Together with the local variational constitutive form (10) for Fp, this last relation
represents the principle result of the current approach at the rate level.

The incremental form of the field relation (16) is referred to a finite interval in
time, i.e. At = t,4+1 — 1, > 0. In this regard, consider the integration in time of the
bulk contribution Ry, which — based on the review summarised above — takes the
representation

Int1 In1
w():f Ry dt = Won+1—Won+/ Py dr. (17)
1, In

n

The simplest approach to computationally integrate Py in time is provided by an
Euler-forward-type scheme, i.e.,

Int1
/ Podr ~ At Po(AF,/AL: X) = po(Fpni1, AL X) . (18)
In

In this case, one obtains the incremental form

I, wo=03F  Wont1 +3,  po=0 (19)

pn+l pn+l

of equation (10) for the algorithmic evolution of F, as well as the field relation

Vx - 0F,,,wo =0 in By and t=0Jf,, wo-N on 3B (20)

n+1

by analogy with equation (16). Obviously, dpwo represents the Piola-type stresses.

4 Two Configurational Field Formulations

In this section, we formulate configurational fields and balance relations using two
approaches, i.e., the variational approach sketched in the previous section, and an
alternative approach as based on the transformation of configurational relations to
established balance relations.

4.1 Variational Approach

In the context of the incremental variational formulation of the last section, config-
urational fields and relations can be obtained by means of (i) superposing a com-
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patible deformation-type mapping onto the reference configuration, and (ii) com-
puting the related derivative of the modified field equations for the mapping coin-
ciding with the identity. A graphical representation of the kinematics at hand is dis-
played in Figure 1. According to this, we introduce the sufficiently smooth mapping
x;, = AX,1) : Bg x T — By with L = VxA and J, = det(L). The incremental
potential energy of the body considered is now referred to this mapping and takes
the form

wo = S wa(F-L™L Fy(A(X)), A(X))  such that

5/ wodV=/ w3 oL 1 8L+ Jidpp 1wy 8[F-L7!] Q1)
.:"B)L £A

+ Jyohwy - A dV = / T -5LdA.
98B,

As mentioned in Section 2, the internal variable F}, is included as a quantity con-
strained by an evolution equation, respectively a variational constitutive form, so
that we here do not vary F;, independently. Its variation in the reference configura-
tion By, however, accounts for the inhomogeneity of the material behaviour.

Based on 9, J5, = cof(L) and SL~! = —L~!.8L-L~!, one obtains — by analogy
with equation (15) and equation (16) — for A coinciding with the identity mapping
the following expression

/ T-SAdA:/ [wol —F'- 8pwo | : VxS
98y By (22)

+ [0, wo : VxFp + dxwo]- 61 dV,
respectively the local form

VX‘[wol—Ft‘BFwO]—appwo:Vpr—awaZO in By
(23)
and T=[wol—F"-9pwo]-N on 09B].

Apparently, the contribution of which the divergence is computed represents the
Eshelby-type stresses and the remaining part of equation (23); are the related
volume forces. It is also interesting to note that this volume force takes the reduced
forms

Vx - [wol — F'- pwo | = dg,wo : VxFp  for Ro= o + Py,
L (24)
Vx - [woI —F*- dpwo ] = dxwo for Ro =vo+ Po,

in By, in case the underlying potentials are additionally restricted, compare equa-
tions (4,5,12). In the first case, i.e., when F}, represents a material uniformity, its
material variation VxF), results in an additional configurational body-force. On the
other hand, if it is materially constant, and for example the material properties are



44 A. Menzel and B. Svendsen

heterogeneous, no translation invariance of the material behaviour is present, and
axwo represents an additional configurational body force density.

4.2 Transformation-Based Approach

We turn now to the alternative approach as based on the application of transforma-
tion relations to standard balance relations. Consider the quasi-static standard local
balance of linear momentum representation for vanishing spatial volume forces,
Vx-P =0in B8pandt = P - N on 98/, with the Piola stresses being defined
in terms of the hyper-elastic form P = dp Wj. The material version of this balance
of linear momentum representation is well-established and can be derived from the
identification

~F' [Vx-P]=Vx-Z+Byp in B and T=2X-N on d8], (25

wherein ¥ denotes the Eshelby stresses, By is the related material volume force,
and Vx - cof(F) = 0. The particular energy momentum representation of X' stems
from a Piola transformation

Y =p-cof(F) =WoI—F-P with p=2adp1 W, (26)

and the volume forces additionally account for the material’s inhomogeneity as well
as heterogeneity, namely

Bo=—P,: VxF, —oxWy with P,= an Wo . 27)

Similar to equation (24), the two particular representations of the stored energy as
highlighted in equations (4) and (5) render reduced forms for the configurational
volume forces, i.e.,

By=—P,: VxF, for Wp= Iﬁo ,
~ (28)
By = —0xWy for Wy =1p.

Even though this framework renders one and the same balance law to be repres-
ented in different forms, its configurational version just derived provides additional
insight on the forces driving the material’s inhomogeneities. The derivation followed
here is direct and so independent of any variational approach. If a variational for-
mulation is available, however, any such framework is particularly attractive from
the computational point of view.
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5 Comparison and Discussion

The two different approaches to derive the material or rather configurational rep-
resentation of balance of linear momentum, namely the incremental variational for-
mulation and the transformation-based framework, are related via the formal iden-
tification of wg with Wy. However, it is important to recall that wo does not only
represent the incremental part of the strain energy function but also the correspond-
ing dissipation-related contribution. In this regard, the flux term dpwo formally cor-
responds to the Piola stresses P and dxwq can directly be referred to dx Wy. For
the particular model at hand, these respective quantities actually are identical, i.e.
drwo = P and dxwo = dx Wy, as the dissipation potential Py has been assumed to
depend only on Fp and not on F or ¢. The stresses conjugate to F},, however, are
different for both models so that 8Fp wo # Pp.

While this contribution aimed at comparing the two different configurational ap-
proaches for the simplest large strain inelastic case, one could also extend these
investigations towards more advanced modelling approaches. Apart form elaborat-
ing a variational approach with respect to the so-called intermediate configuration
— and comparing the results to the transformation of balance of linear momentum,
this intermediate configuration — further internal variables and hardening mechan-
ism can be considered. Moreover, the incorporation of Fj, as a field variable, the
extension towards non-simple continua as well as neglecting the ansatz of the here
assumed kinematic coupling, F. = F - F; I, are of special interest for future re-
search. As previously mentioned in the introduction, a detailed finite-element-based
comparison of both configurational frameworks would provide further inside into
the computational advantages and properties of the two formulations.
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Configurational Forces Derived from the Total
Variation of the Rate of Global Dissipation

Fredrik Larsson, Kenneth Runesson and Johan Tillberg

Abstract Based on the thermodynamic framework for combined configurational
and deformational changes, recently discussed in [1], we consider dissipative ma-
terial response and emphasize the fact that it is possible to identify explicit energetic
changes due to configurational changes for “frozen” spatial configuration and, in
addition, the configuration-induced material dissipation. The classical assumption
(previously adopted in the literature) is to ignore the latter. In this paper, however,
we define configurational forces by considering the fotal variation of the total dis-
sipation with respect to configurational changes. The key task is then to compute
the sensitivity of the internal variable rates to such configurational changes. We re-
strict to quasistatic loading under isothermal conditions and elastic-plastic response,
and we apply the theory to the simplest possible case of an interface of dissimilar
materials in a single bar.

1 Introduction

An important class of configurational changes is defined by the motion/evolution
of “singular surfaces” representing discontinuities in the material properties and,
consequently, in the state variables when the body is loaded. Typical examples of
internal processes are the evolution of defects, phase transformation (microstruc-
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tural changes that are mostly accompanied by change of volume and mechanical
properties), and internal cracks. Since the literature on configurational mechanics is
very rich, we do not intend to give a comprehensive account. We only mention the
pioneering work in [2] and the contributions in [3—14]. Some of these works also
contain comprehensive overviews with a discussion of various aspects of configura-
tional mechanics (“material” mechanics in Maugin’s terminology). A major applic-
ation is the “driving force” on singular surfaces. A recent comprehensive treatment
of “surface energies” is given in [15].

Most studies so far are explicitly confined to elastic material response. While
the state of affairs seems to be quite clear in this case, it is not so in the case (local)
material dissipation occurs as a result of the configurational change. The formulation
of the crack-driving force in such a case and the computational aspects have been
discussed in [10, 16-20].

In this contribution we aim at shedding some further light on the energetic con-
sequences of configurational changes for rate-independent dissipative material re-
sponse. More specifically, we put forward the idea that it is the total variation of the
appropriately defined dissipation functional for the whole body that represents the
“driving force”.

The paper is organized as follows: Section 2 introduces definitions and prelim-
inaries related to the unified representation of configurational (material) and de-
formational (spatial) motions. In Section 3, we establish the pertinent dissipation
functional due to imposed configurational changes, and we define generalized con-
figurational forces from the “total variation of the global dissipation”, which is the
main novel result of the paper. This result is applied in Section 4 to a material sin-
gular surface in a simple bar with dissimilar elastic-plastic material properties, and
explicit computational results are given in Section 5. Finally, conclusions are given
in Section 6.

2 Representation of Configurational and Deformational Motions

2.1 Preliminaries

The spatial (deformational or direct) motion problem (SMP) is expressed in terms
of a spatial motion map x = @(X, 1), Bx +— Bx(?). In this paper, we generalize
the classical view of motion slightly, cf. Figure 1, since the material configuration
is allowed to change with time in the sense that the boundary dBx of the body
Bx may change with time. It is then convenient to take the view that both the “un-
deformed” (material) and “deformed” (spatial) configurations will undergo time-
dependent changes with respect to an absolute (fixed, time-invariant) configuration
Be. We may then introduce the map X = &)(E , t) for the time-dependent “motion”
of Bx(t) w.r.t. Be, and we introduce the absolute spatial motion map x = @(&, 1)
for the time-dependent motion (including deformation) of B (1) w.r.t. Bs.
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el

F
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P(.1) ¢(8.1)

,%5 fixed

Fig. 1 Spatial (current) configuration, Bx(¢), material configuration, Bx(¢), and absolute (fixed)
configuration, 8.

The gradients corresponding to the introduced mappings are F def ¢ ® Vx,

ﬁ'dgé)@)VS,andfdg(i)@Vg.

2.2 Absolute and Material Time Differentiation

We introduce absolute and material time derivatives of a field f, parametrized in
Bx or Be, as follows:

def def
AfE 8 fle, Dif S0 flx (1)

where 0[e] def d[e]/0¢t denotes the ordinary partial time derivative. In particular,
the mc_zterial velocity, v, the absolute velocity, x, and the (absolute) configurational
rate, X, are defined as

vEDx=00X. 0, i ¥Ax=0¢¢E1n XEAX=03dE0n 2

Using the chain rule, we obtain the relation
v=x—F-X (3)

We shall later make use of the absolute and material time derivatives of a (tensor-
valued) operator field y(X (€,1), x (&, 1), a1 (£, 1), a2(E, 1), ..., 1)." Let us, for ex-
ample, consider a volume-specific field, y(e, t) for X € Bx(¢), for which the fol-
lowing relation holds:

' An example is the deformation gradient F(X, x) = x ® Vx.
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D;y(e, 1) = Ary(e, 1) — [y(e,1) ® Vx] - X )

Remark. It is also possible to establish a similar relation for a surface-specific field,
y(e, 1) for X € 08Bx(t); however, it is more involved and will be omitted here. O

Suppose that fx (X, x, «, t), for X € Bx(¢), is a volume-specific quantity and con-
sider a typical conservation quantity F

def

F —f fx dVx (%)
Bx

The time-derivative of F for time-dependent Bx is then given as

d

—F = / [Afx + fxX - Vx] dVx
dr Bx

=/£ [D: fx + [fxX] - Vx] dVx

— / D, fx dV + / AKX - N dsx ©)
Bx J0Bx

Further details are given in [1]. It must be noted that (6) holds under the assump-
tion of sufficient smoothness, i.e. material interfaces are introduced at a later stage
whereby (6) is valid for each smooth region.

2.3 Global and Localized Dissipation Inequality

The global free energy is given as
v / ¥x dVx )
Bx

where ¥x is the volume-specific free energy. The “configurational flux” of free
energy across the boundary due to the configurational motion is given as

d0Bx
Moreover, the total mechanical power supply, W, is given as

W= bx~vde+/

tx-vdezf P :D,F dVyx 9)
Bx d0Bx Bx
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In order to obtain the last expression in (9), the momentum balance P-Vx+bx = 0,
was used, where P is the 1st Piola—Kirchoff stress, and bx is the volume-specific
load.

It is proposed that the total mechanical dissipation is expressed as

d
@:W—E\I/-i-\IICONFZO (10)
The localized form of (10), in terms of the volume-specific mechanical dissipation
rate dx, becomes the standard expression

dx =P :D,F —D;yx >0 (11)

Next, we introduce the parametrization of the free energy density, yx (F, 0, k; X),
pertinent to a dissipative material response, where k represents a set of internal vari-
ables. It is noted that a possible explicit dependence of X is included as argument
in ¥ (representing inhomogeneous variation of material parameters in Bx). Upon
evaluating the material time derivative D;{rx, and using standard arguments of the
Colemann—Noll type, we obtain the constitutive state equation P = dyrx/d F, such
that (8) reduces to

ad
dx = K «Dik >0 withgdéf—% (12)
where we introduced dissipative stresses K that are energy-conjugated to the in-
ternal variables k.2

3 Dissipation Functional for Changing Material Configuration

3.1 Preliminaries

We consider the global (mechanical) dissipation inequality for a given finite body
occupying the current material domain Q2x with external boundary 0Q2x. It is as-
sumed that the body undergoes configurational changes, expressed as X # 0, while
it is subjected to prescribed loading. For simplicity, we restrict to isothermal con-
ditions henceforth. The resulting thermodynamic process is then characterized by
time-changes of all the independent thermodynamic fields, F and k, since they are
solutions of the pertinent balance and state equations (equilibrium and constitutive
equations) and thus depend on the configurational motion X = ®(&, ) in an im-
plicit manner. As a result, the global dissipation functional £ depends, apart from
X, potentially on the fields x and k in the most general case of combined configur-

2 The “scalar star product” has the appropriate interpretation depending on the tensorial order of
variables in the column vector k.
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ational and deformational motion for general loading; hence we denote D (X, %, k)
the global dissipation functional.

3.2 Basic Format of the Dissipation Functional — Configurational
and Material Parts

It was shown in [1] that (i) the dissipation functional £ does not depend explicitly
on x, i.e. the parametrization D (X, k) suffices, and (ii) it is natural to split D (X, k)
as

DX, k) = DOV ) + DX, b (13)

where we introduced
DEONF(k) = — / [ — wEON | N - X dsx (14)
0Q2x
and

gaMATO(,k):/Q K*Dt&dvx=/9 Ks[i-[k®Vx] X] dvx  (15)
X X

It appears readily that DMAT(X, k) represents precisely the ordinary material dis-
sipation.

3.3 Total Variation of the Rate of Global Dissipation Due to
Configurational Changes

Henceforth, we shall restrict our attention to the situation that a physical process is
manifested by fields D;x and D,k that are brought about solely by configurational
changes. In other words, for a given field X (&, 1), it is possible to solve for all other
fields, x{X} and E{X }, as (implicit) functions of X from the momentum equation
and the pertinent constitutive relations. It is noted that the actual physical problem
involves X (£, 1) as part of the total solution, which requires a constitutive relation
for X in terms of a suitably defined field of “driving forces”. However, these driving
forces will be of such nature that they can only be determined when the solutions
x{X} and k{X} are known; hence, the problem of computing the driving forces is
indeed nonlinear and must be solved by some sort of iterative procedure in practice.

Next, we shall be concerned with the issue of defining the field of thermody-
namically consistent generalized configurational forces that are energy-conjugated
to a given differential change (variation) of the field X henceforth denoted dX in

the sense that they represent the total variation of D with respect to X. The total

differential of D & DX, k{X }) can be expressed as
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dgD = DOV (dX) + DVAT(dX, 0) + DMAT(0, K (X; dX))  (16)

where it was used that both DCONF and DMAT are linear in their arguments (X and
k respectively). In order to carry out the total variation, it is necessary to compute
the sensitivity fields:

di = #/{X; dX}, dk =k {X; dX} 17)

which are directional (or Gateaux) derivatives in the classical sense.? The sensitivity
fields x” and k/ must satisfy global tangent (or sensitivity) relations, which are deriv-
able from linearization of the equilibrium equation together with the constitutive rate
equations for k. It is emphasized that the sensitivity fields, say E{X : dX}, are lin-
ear in dX; however, they represent “spatially global” relations in Q2x. This means,
in particular, that the configurational dissipation is not necessarily confined to the
(possibly small) part of Qx where dX # 0 has been assumed.

4 Model Problem: Bar with Interface Separating Parts with
Dissimilar Material Properties

4.1 Problem Formulation — Preliminaries

Consider a bar in a state of unixial stress, with undeformed length L (such that
Qx = [0, L]) and with unit cross-sectional area (for simplicity), which is subjected
to prescribed end displacement at the right end, as shown in Figure 2(a). This is
the sole type loading. The material properties (which are assumed elastic-plastic)
vary smoothly along the bar with the exception that they may be discontinuous at
the “singular” cross-section located at X = L. Since the state variables (such as
F = x/X and k) are generally discontinuous across the singular cross-section, so is
the volume-specific free energy ¥x. The normal on the left part of the bar at X = L
is denoted N~ (= N) = 1; hence, we use the notation NT(= —N) = —1 for the
normal in the opposite direction.

4.2 Elastic-Plastic Model — Linearized Format

We adopt a simple elastic-plastic model with isotropic hardening. A linearization of
the spatially objective large deformation formulation is obtained by introducing the
volume-specific free energy as

3 A more explicit definition of sensitivities is possible if we define the “unit sensitivity” fields 'O,
i=1,2,...,NDIM, via the identity di = Y "P™ /@ q(x)).

i=1
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yx (F, €’ k) = ¢ (F, €®) + Yk (k) = %E [F - F? ()] + %Hk2 (18)

where the parts Yy (F, €P) and wg(k) represent linear elasticity and isotropic

hardening, respectively, with FP (eP) ey + €P. The material parameters are E
(elasticity modulus) and H (hardening modulus). The thermodynamically consist-
ent stresses are

_ x

P="X_E[F—p ()] =

X e

3
R a2
deP ok

— _Hk (19)

We may thus express the (local) volume-specific material rate of dissipation dx =
K % D,k according to (12) with the matrices k and K defined as

def | €P def | P
#[1]. ]2

The yield criterion with isotropic hardening is expressed as
(P, K)=|P|—-[Y+K]=0 201
where Y is the uniaxial yield stress. We also adopt the (material) evolution rules

0 P 0P
DieP=—=1—, Dik=—=-2A (22)
opP | P 0K
where X is the plastic multiplier.
The continuum tangent relation for P in terms of F and k can be written as

P P 1"
D;P = a—F|k,XD1F+ ﬁ|F,X DZEZE[DZF_DZGP] (23)

The consistency condition D;® < 0 at a plastic state gives

=El L Db F), nEsn (24)
AV

Now, taking the total variation of D;k with respect to variation of X, while using
(22) and (24), we obtain the sensitivity relation

LD, F
def%(\Pl i >[ 1 ] (25)

(D;k) = Ry (D,F) with Ry = ,
7D Fl L7y

which is linear in the sensitivity (D; F)’. The expression in (25) is well-defined for
all solutions except at neutral loading defined by %D,F = 0. In particular, it can

be evaluated for the situation X = 0, corresponding to vanishing configurational
motion.
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Finally, we take the variation of D; P upon using (23) and (25) to obtain

P
. def 1 (WD1F>
(D, P) = Er(D,F) withEr=E|1— ——5—— (26)
h | {5D/F|

where ET is the tangent stiffness tensor.

4.3 Explicit (Classical) Configurational Forces at the Material
Interface

The explicit expression for DEONF was discussed in some detail in [1]. Upon in-

troducing the assumption of vanishing material motion at the exterior boundary, i.e.
X =0on X =0, L, we obtain the classical representation

def
GONTZ 120Ix=r, = 19xlIx=r, — IFlx=z, P @7
Remark. In the special case of linear elasticity, defined by FP = 1, we obtain
GO = —[Wxlllx=r,. O

4.4 Implicit (Configurational-Induced) Configurational Forces at
the Material Interface — Tangent Problem

The weak format of the (quasistatic) equilibrium equation for the bar under consid-
eration is
déx

a(x, k; 8x) déf/ 2 P(F. k; X) dX =0, Véx e VO (28)
0 dX

Since 2x = [0, L] (or, more precisely, the location of the singular section) is not
time-invariant at configurational changes, the admissible test functions éx & Vo
are time-dependent in the parametrization dx (X, ¢); however, this relation is con-

strained by the condition that 6x (X, ¢) is stationary in the absolute configuration,

ie. 0x(X(&,1),1) def dx(&,t) = 8x(&). In particular, this means that

Asx =0, Dyx=_ %% (29)
t _— b t —_— dX
ds dsx\ dX ds D,s
A (2X) o (LX) X (Bx) (Do) (30)
dxX ax ) ax ax ax

The purpose is to first solve for the sensitivity field x'{e, dX} € VO from the tangent
problem
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d 0
dy Ea(o; éx)[ =0, Véx e ¥V (31)

for given variations* dX e X0, and then to compute E{o, dXx }. It can be shown
(whereby (6) is used) that the tangent relation becomes

ar(e; 8x,x') = Ip(e; 6x, dX), Véx € VO (32)

where the pertinent tangent forms are defined as

déx _ dx’

L8, &' déf/ = Er——dX 33
ar(e; 8x,%") o, OX Tx (33)

. def déx dX .
It(e; 8x, dX) = — | ETF— dX [dX 34
T(e; ox ) /QX dX|:T dX+rX ] (34)

where rx is defined as follows:

dF de? OP def
=AET—+F— — — , AET=ET—E 35
rx Tox T Eax 8X|F'k T T (35)

When the field x” has been computed, we obtain v/ = x' — F dX that is discontinu-
ous across the singular surface. Finally, we compute the field (D;F) = dv'/dX
and use (25) to obtain

gMAT = /p ET(D[k)/ dX = /p KTKT(D[F)/dX
Q $2x

X

P
EY {(pD:F) p
:/ S P (D, Fy dX (36)
Q h |WD1F| |P|

P
X

In order to obtain the last expression in (36), we used that | P| — K = Y in the plastic
domain Qg(, defined by the current state satisfying the yield criterion, & = 0.

5 Numerical Example

5.1 Problem Characteristics

The bar in Figure 2(a) is henceforth assumed to have homogeneous material prop-
erties in the subdomains (on each side of the singular section). As a consequence
F and €P will become p.w. uniform and, hence, rx = 0. Moreover, linear shape

4 The required regularity of X0 depends on the chosen format; here, we assume that dX is con-
tinuous and that dX = 0 on dQx p for any dX € X0,
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a T
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Fig. 2 (a) Bar in uniaxial stress with discontinuity in material properties at interface, (b) linear
elastic-hardening stress-strain response curves.

and test functions are chosen for the two elements (indicated in Figure 2(a)) for
the material and spatial motions (5( (X), (X)), whereby (D, F)’ becomes p.w. uni-
form. The maximal displacement is imax/L = 0.5 - 1073, We choose L /L =
Ly/L = 0.5. The material parameters for the elastic-plastic model are: E, H with
Eret, Yiet = 0.001 Eref, Href = 0.2 Er. They assume different values on each side
of the interface, as shown schematically in Figure 2(b).

5.2 Numerical Results

A series of computations were carried out to study the development of §ONF and
gMAT with increasing (prescribed) displacement, while it was assumed that there is
a mismatch across the interface of (a) elastic and (b) plastic (hardening) properties.
In case (a) Hi = Hp = Hies, whereas in case (b) E| = Ey = Er. These results are
shown in Figure 3.

For case (a) the following observations are made: Before plastic yielding the only
contribution to § is from the missmatch of the elastic properties. This contribution
vanishes, of course, in case (b). In both cases, the contribution from gMAT is pos-
itive (while §CONF is negative); however, this is not a general property since MAT
represents the variation of the dissipation rate due to configurational changes.

6 Discussion and Conclusions

We have presented a novel investigation in the context of configurational changes for
arate-independent dissipative material; namely, we considered the fotal variation of
the rate of global dissipation with respect to the rate of configurational motion. Such
a variation may, alternatively, be considered as the evaluation of the toral sensitiv-
ity due to configurational changes, which may be brought about (in their turn) by
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Fig. 3 Development of components GCONF, gMAT anq g — gCONF | gMAT with increasing load-
ing (prescribed displacement) for (a) mismatch of elasticity: Ey = 0.5E, and (b) mismatch of
hardening: H> = 0.5 Hiet.

physical changes. It is then clear that the material part of the dissipation is indeed
coupled (and sensitive) to configurational changes. However, it is not at all clear
how to use this information. The classical approach in defining the “driving force”
for configurational changes, advocated in the current literature, is to account only
for the explicit part of the total configurational force, denoted Q,CONF in this paper.

The paper discussed essentially two aspects: (1) how to formulate (or construct)
the total dissipation in the presence of configurational changes, and (2) how to com-
pute the total sensitivity of the global dissipation via the appropriate formulation of
a tangent problem for the standard equilibrium equation. The numerical results ob-
tained for dissimilar material properties across the singular surface in a simple bar
showed that a misfit in the elasticity modulus resulted in larger value of $MAT than
did a misfit in the hardening modulus.
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On Crack Analysis of Functionally Graded
Materials with Material Forces

Rolf Mahnken

Abstract Functionally Graded Materials (FGMs) are advanced materials that pos-
sess continuously graded properties. Applications of FGMs are on composites,
ceramics, alloys and coatings. This work is concerned with the crack analysis of
FGMs. To this end we exploit a Clausius—Planck inequality to a migrating con-
trol volume. As a consequence of the principle of maximum dissipation the dir-
ection of crack propagation is obtained in terms of material forces. In the numer-
ical implementation a staggered algorithm — deformation update for fixed geometry
followed by geometry update for fixed deformation — is employed. The corres-
ponding finite element mesh is generated by combining Delaunay triangulation
with local mesh refinement. In a numerical example the brittle crack propagation
in an FGM is investigated for varying directions of strength gradation within the
structures.

1 Introduction

During the past two decades much research of Functionally Graded Materials
(FGMs) has been focused on manufacturing, material design and property estim-
ation as well as thermal and structural analysis [24]. Applications of FGMs are
on composites, ceramics, alloys and coatings. Compared to conventional materials
FGMs have the possibility of tailoring its gradation to maximize its performance.
This work is concerned with the simulation of brittle crack growth in FGMs. On
the analysis of stationary cracks for FGMs we refer to the comprehensive review
in [21]. The analytical investigations in [3] showed that the asymptotic crack-tip
stress field possesses the same square root singularity as in homogeneous materials.
Furthermore, Eischen [5] used the traditional eigenfunction expansion technique

Rolf Mahnken
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of Williams to show, that the leading term in 2D crack-tip elastic fields remain
square-root singular, which allows to express the stress fields in terms of stress in-
tensity factors (SIFs). Further analytical results for SIFs for some typical fracturing
modes in FGMs are presented in [6,7]. Numerical methods for fracture analysis of
FGMs in stationary cracks are presented in [1]. Additional references are given e.g.
in [11]. In [15] the concept of material forces is applied to FGMs and the accuracy
of the method is discussed for two examples based on comparison with available
theoretical and numerical solutions. Concerning the numerical treatment of crack
propagation with finite elements in homogeneous structures different possibilities
can be distinguished, e.g. insertion of interface elements between existing bulk ele-
ments [20], alignment of critical element segments [18], extended finite element
method (XFEM) [19] and and meshfree methods [14].

The simulation of crack propagation depends strongly on the three aspects
of (1) initiation of crack growth, (2) direction of crack growth and (3) length
of crack growth. In this work a Griffith-type crack criterion function is used to
account for the first aspect. Furthermore, we employ a dissipation inequality to a
time dependent migrating control volume, introduced in [9]. Then, a constitutive
equation for crack tip evolution is obtained in terms of material forces from
the principle of maximum dissipation, thus rendering the direction of crack
growth [18]. The final system of partial differential equations is summarized,
and the numerical implementation is briefly outlined. In this way the length of
crack growth is a result of a staggered algorithm — deformation update for fixed
geometry followed by geometry update for fixed deformation. The corresponding
mesh is generated at fixed deformation by combining Delaunay triangulation with
local mesh refinement. In a numerical example the brittle crack propagation in
an FGM is investigated for varying directions of strength gradation within the
structure.

Notations: Square brackets [e] are used throughout the paper to denote ‘function of’
in order to distinguish from mathematical groupings with parenthesis (o).

2 Kinematics and Balance Equations

2.1 Parameterization of Geometry and Displacement

In Figure 1a we consider a body B with reference configuration 8 C [E"dm, where
IE™im denotes the Euclidean space with dimension ngim, = 2 or ngim = 3. The
boundary has an exterior part a8, U 98, with 08B, N 9B, = @ and the crack is
represented by a surface I' U I'". In order to take into account the peculiarity of
singular stresses at the crack tip, a cut along a boundary I'" is introduced in Fig-
ure 1a. Then we concentrate on the reference configuration 8 = B\ B, C [E"dm
as introduced in Figure 1b, where singular stresses are assumed not to occur. A ma-
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a) b) c)

) \\\\t

Figure 1 Configurations of body B with a crack: (a) reference configuration 8 with sharp
crack at time ¢, (b) reference configuration B with cut at time 7, (c) time independent reference
structure €2, (d) deformed configuration at time .

terial point of the structure has a position x € 8. Since during crack propagation
the reference configuration 8 C IE"dm is changing with time t € 4 = IRT, adi-
tionally, in Figure 1c we consider the region Q of a reference structure, which is not
dependent on time ¢. Here a material point has a position § € . Additionally, in
Figure 1d we have the time dependent current configuration, which is deformed due
to loading. By denoting u € [E"dim as the displacement a material point at time ¢ has
position X + u € JE"dim,

With reference to all three configurations in Figure 1, analogously to the ap-
proach in [18], we introduce the following three mappings

1.1,0 — x(z,0), 2.t,Xx— u(t,x), 3.1,0 = U, 0). (1

As outlined in the mapping (1.1) represents a parameterization of the medium in
terms of the time ¢ and the time independent position # € €. In this way it accounts
for geometry changes due to crack propagation. The mapping (1.2) represents the
time dependent displacement u parameterized by the time 7 and the time dependent
position x € 8B, whereas the mapping (1.3) represents the time dependent displace-
ment U parameterized by the time ¢ and the time independent position 8 € .
Furthermore, we introduce the following time derivatives of Eqs. (1); and (1);

o 0x

0
l.x=—= g =
ot

a=_—.
ot

@)

As explained in [16] the symbols (o) and (-) refer to time derivatives w.r.t. to fixed
positions @ and x, respectively. In this way, the vector V is the material velocity
and represents the rate of geometry change w.r.t. to the fixed reference structure 2,
whereas the vector i represents the velocity of a material point w.r.t. to the non-fixed
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Figure 2 Time dependent
migrating control volume
R[t] with material velocity
V.

reference configuration 8. Then in summary we have the relations
. d
l.v=u+h-V, 2.v®@V=h+th-V)®V, 3. EdV:(l:V)dV, 3)

where h = u ® V is the displacement gradient and dV is a differential volume
element [18]. A further fundamental ingredient of a geometrically linear theory is
the strain-displacement relation ¢ = 1/2 (h + h”). The spatial and the material
velocities are restricted by Dirichlet boundary conditions as v =von d8,, V=0
on 9B\I'c. The geometry can change only along the boundary I'c due to crack
propagation. As indicated in Figures la and 1b, the corresponding rate of crack

extension at the crack tip boundary is denoted as V = ,& on .

2.2 Time Dependent Migrating Control Volume

Balance and state equations of continuum mechanics typically are formulated for
control volumes. In order to consider possible geometry changes we follow an ap-
proach by Gurtin and Podio-Guidugli [9] using a migrating control volume. As in-
dicated in Figure 2 it is a closed subregion R[¢] for which dR[¢] evolves smoothly
with time #. Following Gurtin and Podio-Guidugli [9] we view the dependence of
R[t] on ¢t as resulting from the addition and removal of material points. This view-
point has important consequences for the formulation of balance and state equations
in the next section.

2.3 Dissipation Inequality

As noted in [9] the power of the distributed reaction forces o -n on dR[¢] in Figure 2
should account for the power performed in the addition and removal of material
at the boundary dR[f] and for the change in material structure as the crack tip
evolves. Classically, the standard stress o expends power over the material velocity
u. But when the control volume migrates, there is no intrinsic material description
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of the deformed boundary x[¢] € dR[¢], since material is being added and removed.
Therefore, following Gurtin and Podio-Guidugli [9] as a velocity for x[t] € dR[¢]
we use the total velocity v[x € dR[f], ¢] by fixing the structural coordinate # and
write the boundary power of ¢ in the form (o - n) - v.

Since material is neither added nor removed from interior points of R[¢], and
since there is no change in material structure away from the crack tip, the power
of the body force b has the standard form b - u [9]. In summary, the power of the
mechanical forces is

R[] Rlr]

Let us assume the following functional relationship for the bulk free-energy function
with respect to a unit volume:

¥ = ylelxz], ], x[r]1, (5)

where  is the strain energy function with respect to a unit volume. Note that for
a functionally graded material ¥ is also explicitly dependent on the position x.
The principle of positive dissipation for the migrating control volume is postulated
as

d
dt

In [16] the above dissipation inequality is rewritten after some algebric manipula-
tions as

i):—/(E~n)~VdAzO. @)
Ie
Here, we define the energy momentum tensor or Eshelby tensor, respectively, intro-
duced by Eshelby [8]

Y»=vy1-h'.o0. ®)

In the limit I'¢ — O the dissipation in Eq. (7) reads as

. D=J-A>0, where 2.J=— lim | X ndA. )

e—0 I,

Therefore, we can interpret J in Eq. (9)> as a material force vector (in the sense of

Eshelby), which is work-conjugate to the material velocity A at the crack tip.
We remark that in [16] the constitutive relation

o =0y (10)



66 R. Mahnken

is derived from the global dissipation inequality. Furthermore, the balance law of
material forces

Y- V+B=0 Vxe B, B=—h".b—oa. (11)

is a consequence of the balance law o - V + b = 0 and the constitutive relation (10).
This is conceptually different to approaches in the literature, where the constitutive
relation (10) or the balance law of material forces are introduced as a postulate, see
e.g. [12,17,18] for different approaches.

2.4 Evolution Equation for Crack Propagation

In order to formulate a constitutive equation for the crack growth vector ,& in Eq. (9)1
we follow the approach of [18] by using the principle of maximum dissipation.
A Griffith-type crack criterion function is introduced as ®[J] = [|J|]| — [ <
0, where TI'; is the critical energy release. Next, a Lagrangian is introduced as

LLJ, )0»] = —D+ ) ®[J]. Then, the necessary conditions for a stationary point

of the Lagrangian, £L[J, )UL] — stationary, renders the evolution vector of crack
propagation

A=% 9PJ] =2 II;—II (12)

along with the crack loading-unloading conditions in Kuhn-Tucker form )Ug 0,

O[J] <0, % ®[J]=0.
Since the vector J/||J|| in Eq. (12) has a unit length, it follows that the mul-

tiplier A in Eq. (12) has the interpretation of the rate of crack growth, i.e. A=
A= dA /dt. As pointed out in [18], the above constitutive equations determine the
direction of crack propagation at a point x € B. However the specific value of A is

undetermined.
2.5 Summary of Coupled Initial-Boundary Value Problem

From the above derivations we can formulate an initial-boundary value problem for
the coupled deformation/crack propagation problem as follows:
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1

l. e= 5(h+h") 2. h=u®V

3. o= 3%V 4. ¢-V+b=0

5. T= y1—-hT.¢ 6. T-V+B=0

7%= Bx_ g ._8u

R Vi ' Y= (13)

9. v= u+h-V

|

10. A = )»m 11. Ol =|JI| =T <0

12.2>0, ®J]<0, ) ®J]=0 13. J=— lim ¥ -ndA.
I'e—0 e

Here we have the strain-displacement relation (13);, where the displacement gradi-
ent is defined in (13),. Equation (13)3 is the elastic constitutive relation for the
Cauchy stress tensor satisfying the balance equation Eq. (13)4. Equation (13)5 is the
definition for the Eshelby stress tensor satisfying the balance equation Eq. (13)e.
Equation (13)9 expresses the spatial velocity v in terms of the material velocity V
Eq. (13)7 and the displacement velocity i Eq. (13)3. The vector of crack propagation
is defined in Eq. (13);0 in terms of the material force vector defined in Eq. (13);3,
and a Griffith-type crack criterion function is formulated in Eq. (13)11, along with
the crack loading-unloading conditions (13)1,. Additionally, appropriate Neumann
and Dirichlet boundary conditions have to be formulated for the Cauchy stress tensor
o and the spatial and material velocity v and V. Furthermore initial conditions
v(t = 0) = vy, V(t = 0) =V are prescribed.

2.6 Solution of Coupled Initial-Boundary Value Problem

The initial-boundary value problem (13) accounting for both, evolution of deforma-
tion and evolution of crack propagation, in practice can hardly be solved in a mono-
lithic way. Therefore, following Miehe and Giirses [18] a staggered algorithm — de-
formation update for fixed geometry followed by geometry update for fixed deform-
ation — is employed within each time increment, A"ty ="+1lr — "t n =1,... N;.
On the numerical treatment of the deformation problem and determination of ma-
terial forces as post-processing we refer to [2,23]. The domain integral method is
used for efficient evaluation of the J-integral vectors, see [4, 13, 15]. Let o denote
the relaxation counter for the staggered algorithm, then, the crack propagation cri-
terion ®["*1J] = ||"*1J|| — T < 0 is checked at the crack tip. For ® > 0 a crack
relaxation step is performed, based on the evolution vector of crack propagation (12)

n+1
ot |

AN = AL )
“ 1" T

(14)
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Figure 3 Geometry update for fixed deformation: (a) material force "% J at crack tip, (b) crack

n+l1 N
propagation ! A A and update of boundary Zill 98B, (c) discretization Zill Bh =yt < ge
after remeshing.

b
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Figure 4 Compact tension i AL
specimen: geometry and lw
loading, rotated coordinate -
x} representing the gradation
1 <P gties L=20 ‘ [mm]

with angle 6.

Then, as illustrated in Figure 3 the crack propagates by an increment ’”&1 AA. Thisin
turn renders an update of the geometry Z“:_ll B. The corresponding mesh is generated
by combining Delaunay triangulation with local mesh refinement, [10, 16,22].

3 Compact Tension Specimen with Graded Material

We consider a compact tension specimen. with geometry according to Figure 4.
The applied loading corresponds to a vertical displacements w at the boundary
x1 = 0.5. The material gradation within the structure is expressed by the coordinate
x}, which is rotated by an angle 6 relative to the coordinate x| as shown in Figure 4.
Then the corresponding Young’s modulus is an exponential function of the form
E [xi‘] =F 1eﬁxf. Further details on the material parameters are given in [16].

Two different angles for 6 have been investigated: 6 = 0° and 6§ = 90°. For
the case & = 0° the material is symmetric with respect to the horizontal xi-axes,
such that a crack starting from the notch propagating horizontally through the ct-



Material Forces for FGMs

GRADM: A0 .68 126 1.84 2,42 3.00

PR T
ARG

SREL
iy N
SO

Figure 5 Compact tension specimen: crack propagation for 8 = 0° (left) and 8 = 90° (right).

specimen is expected theoretically. Tetrahedral elements with linear shape functions

have been used.
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The results of both simulations are shown in Figure 5 for the cases 8 = 0° and

6 = 90°. From Figure 5, left, it is observed, that the algorithm captures the the-
oretical horizontal crack pattern very well. Furthermore the illustration in Figure 5
renders a strong upwards crack for gradation with angle 6 = 90°. More results con-

cerning the robustness of the algorithm with respect to spatial and time discretization

are presented in [16].
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Momentum and Material Momentum in
Superconductors

C. Trimarco

Abstract The electric current of a superconducting solid can be associated with the
flow of an ideal compressible fluid. A momentum density can be naturally associated
with this flow. In deformable superconductors, the presence of finite deformations
affects the electromagnetic fields and possibly the flow of the fluid. One of the result
is that to the supercurrent in the undeformed configuration of the solid is associated
the material (or configurational) momentum rather than the momentum density.

1 Introduction

Superconductivity is still a challenge for theoreticians and experimentalists after al-
most 100 years from its discovery. The main features of a superconductor can be
summarised in two. First, an electric current can last theoretically for thousands
years without any voltage applied. Second, the magnetic flux is fully ejected from
a material in a superconducting state (Meissner effect). This effect leads to strong
magnetic interactions: levitation is one of the most impressive examples. Unfortu-
nately, these phenomena occur at very low temperature and one of the challenges is
to reproduce them at room temperature, in order to exploit their great potentiality
in technological applications. Warm superconductors (at 35°Kelvin degrees) have
been discovered recently (Bednortz and Miiller, Nobel prize in 1986). Nowadays,
the upper limit for temperature is estimated around 195°K. However, the micro-
scopic mechanism for superconductivity proposed by Bardeen, Cooper and Schri-
effer (Nobel prize in 1972) apparently does not describe satisfactorily this second
generation of warm superconductors. Thus, these aspects still represent a theoretical
challenge for future research.
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The successful explanation of the classical superconductivity provided by
Bardeen, Cooper and Schrieffer [3] essentially relies on Frohlich ideas, according
to which elastic wave interactions (phonons) favour the flow of an electric current
in some circumstances [6-8, 13, 15]. The mechanism is usually described by the
following oversimplified argument. A local polarisation of the lattice cell, due to the
passage of an electron, favours the passage of a second electron, which is accelerated
by the electric field generated by this polarisation. In all other circumstances, elastic
waves are responsible for the resistivity of the conductor. The aforementioned pairs
of electrons, the Cooper pairs, are responsible for the supercurrents. These electron
pairs, whose total spin is zero, behave statistically as bosons, which are known to
condensate at low temperatures. Thus, quantum mechanics is the proper framework
of the microscopic theories of superconductivity [5-10, 13, 15, 16].

In this framework, a complex-valued function of space and time is associated
with a charged particle. This function, in fact the wave function of quantum me-
chanics, is governed by the Schrodinger equation. This equation is derived from a
classical Hamiltonian formulation after a preliminary introduction of the canonical
momenta of the particle and of the electromagnetic fields [5, 11, 15, 16]. Surpris-
ingly, the Schrodinger equation addresses known equations of continuum mechanics
for ideal compressible fluids, whose density and velocity fields are defined through
the amplitude and phase of the wave function. Due to the presence of the electro-
magnetic fields, the velocity field of the introduced fluid turns out to depend on the
vector potential in such a way that the flow is an irrotational flow in the absence
of the magnetic induction. These results do not hold generally for large number of
particles. However, in some circumstances and at very low temperatures, groups of
charged particles like the aforementioned Cooper pairs behave as indistinguishable
particles that are governed by the Bose—FEinstein Statistical laws [6] and a single
wave function can be associated with all of them, in accordance with the principles
and rules of quantum mechanics [5-10, 13-16].

The Ginzburg-Landau (GL) theory of superconductors provides an equation that
is essentially a nonlinear Schrodinger equation for this macroscopic wave function
[10, 13-16]. The latter plays the role then of an order parameter in the phase transi-
tion from the normal to the superconductive state. The GL equation can be extended
to the dynamical case and eventually leads to the aforementioned Eulerian com-
pressible fluid, which is now associated with the supercurrent [8, 13, 26]. In this
context, the electromagnetic vector potential, which is usually regarded as an aux-
iliary field, acts as a primary field [1, 14]. This role of primary field persists in the
macroscopic framework. In fact, the London’s law for electric currents in supercon-
ductors, according to which the supercurrent is proportional to the vector potential,
naturally emerges if the supercurrent is associated with the momentum of the fluid
[13, 15-18].

In deformable bodies, the vector potential combines with the deformation gradi-
ent in such a way that the form invariance of the Maxwell equations is preserved in
any configuration of the solid body [19-21, 23-27]. With reference to the flow of the
aforementioned Eulerian fluid, the supercurrent in the undeformed configuration of
the body turns out to be associated with the material or configurational momentum
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of the flow, rather than with its momentum in this configuration. This remark sug-
gests a proper reformulation of London’s equation in deformable superconductor.

2 Electric Currents

The persistency of the flow of an electric current in a superconductor in the absence
of electric fields conflicts with the Ohm’s law, but is consistent with the following
law suggested by Becker et al. [4] and known as the acceleration equation for point
wise charged particles:

ad Ng?

—js=——E. 1
apds = ey

Jjs denotes the supercurrent density, E the electric field, N the number of particles in-
volved, g and m the electric charge and the mass, respectively, of each particle. The
reader is addressed to [26] for notation and further details. Consider the following
equation:

il
E(A curlj; +B) = 0. 2)

where A is a phenomenological quantity and B the magnetic induction, which sat-
isfy the Maxwell equation
divB =0, 3)

This equation introduces the vector potential through the equation
curl A = B. @

Equations (1) and (2) are similar the one another, if we assume that N q2 /m= AL
This can be readily checked through the curl of Equation (1) and by exploiting the
Maxwell equation

d
1E+ —B =0. 5
curl E + ” (5

However, there is a remarkable difference between (1) and (2), which is pointed out
hereafter. Integration in time of Equation (2) entails the equation

Acurljs+B=c. (6)

where c is a vector-valued constant in time. London’s conjecture can be summarized
in assuming ¢ = 0, whence the two London laws follow straightforwardly

Ajs=—-A+ Vg, (N

a
AEJ3=—E+Vf, €]

g and f represent arbitrary functions of the position x and time. x € V =
V {simply connected open set} C E3 = {Euclidean space}, r € R
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A further London’s conjecture is to identify f with the electromagnetic scalar
potential ¢. According to this conjecture, the right hand side of Equation (8) iden-
tically vanishes in the presence of electrostatic fields. As a result, a supercurrent
cannot be accelerated by electrostatic fields, differently from what is predicted by
the Becker’s acceleration Equation (1) [18]. It will be shown in the next section that
the identification f = ¢ is hinted by the wave solution of the Maxwell equations.

3 Maxwellian Fields and London’s Conjectures

The Maxwell equations in S.I. units are found in classical textbooks [4, 11]. Here,
we only recall the relationships between the electric field and the electromagnetic
potentials ¢ and A, which stem from Equations (3-5)

3
E=-Vy— A )

The Maxwell equations can be uniquely written in terms of these potentials if addi-
tional conditions are introduced, the gauge conditions. Here, we refer to the classical
Lorenz—Lorentz gauge condition [4, 11, 12]

1 0
divA - —= —¢ =0, 10
v 7 5% (10)

which addresses the uncoupled wave equations in a vacuum

A L3 _ (11)
2 5t ¢ = 80,067
1 0
A—— —|A=—upj. 12
( 2 3t) 1o J (12)

The symbol A denotes the Laplace operator, p, and j are the electric charge and
the electric current, respectively, g and g the electric permittivity and the magnetic
permeability of a vacuum. ¢ 2 = go 0.

Analogous equations hold true for the Maxwellian fields [4, 11]. For a point wise
moving electric charge, whose velocity is v, Equation (12) reads

19
(A -2 5) A = —pope v, (13)

where p, denotes here the charge density (in distributional sense) of the charged
particle of interest. Equations (11) and (12) entail the solution

A = c2ov. (14)
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In this context, the following London further assumption for supercharges is en-
lightening:
Aps = =g, (15)

ps being the supercharge density. This assumption provides a link between the vec-
tor potential and the momentum of the particle, through Equation (14). Permittivity
and permeability of the superconductor are assumed here to coincide with those of a
vacuum. In accordance with these assumptions, the following decoupled equations
for ¢, A, E, py, js, and for the magnetic field H = (/VL(;1 )B stem from Equations (11)
and (13):
1 d 1 .

<A_c_2 B_I_p> (9, A E, H, ps,js) = 0. (16)
A = (uoA)'/? represents London’s penetration depth.

It is worth recalling that in the mixed regime of coexistence of normal charges
pn and currents j, = j — js with supercharges and supercurrents, from the Maxwell
equations a conservation law can be derived only for the total charge p = p, + ps
[17]. A conservation law for supercharges is in principle an additional assumption,
which can be stated as

0 -
E,OS + div Js = 0. (17)
Eventually, note that in the stationary case, Equation (16) for H reduces to
1
A — 2 H=0. (18)

This equation accounts for the celebrated Meissner—Ochsenfeld effect [6, 13, 15,
18].

4 Time Dependent Ginzburg-Landau Equation: Variational
Approach

According to Ginzburg and Landau’s view, a second order thermodynamical phase
transition drives a material from the normal to the superconductive state. In this re-
spect, these authors introduce a complex-valued order parameter 1/ (x), which gov-
erns the phenomenon around the zero transition point, and a free energy density
that depends on i and on its spatial gradient [2, 6-10, 15, 19, 25-27]. Here, this
description is extended to the dynamical case, in which dissipation is ignored. In
this dynamical framework, a Lagrangian density replaces the free energy density
and this Lagrangian is assumed to depend on ¥ (X, ) and on its space and time
derivatives as follows:

y? —
Lem = T(VAW o (Va )
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y ay AN B
+ 5 14 (8_t>(p - <8_t)(p Vv |+ FI(Y, ¢, (curlA)],  (19)

where the over bar denotes the complex conjugate of the quantity of interest. Specif-
ically,

) _
(Vay) = (V —1 ;A) v, (20)
Vav) = (v + ;A) 7, @1
WY _ (3 9
(5) = (o) @

and

o (23)

S
(o5
=
SNS—
AS
1l
N
Q|
|
|
S
N——"
<

¢ denotes the imaginary unit. § and y are phenomenological constants. If the de-
pendence of F' on (curl A) is quadratic, such as assumed in the GL theory, the
Euler-Lagrange (EL) equations associated with the Lagrangian (19) are

L curl(curl A) = E——(ww PV — (WAL, (24
Ho 0A

2w ot 2 = (24) .

O e 1l = 12 =T (5 25)

Note that Equation (24) corresponds to one of the Maxewll equations. Henceforth,
its right hand side represents an electric current, in fact the supercurrent

b _ _ _
\ = z—f VY — YY) — (Yi)AS (26)

upon which we will comment in the next sections. Equation (25) represents a time
dependent version of the GL equation if F is replaced by its polynomial expansion

. - d - 1
F =)’ + 509" + 5—(curl A)? @7)
2 20
and if the coefficients ¢ and d are understood as depending on the temperature and

possibly on the infinitesimal strain [2]. The extended GL Equation (25) can be also
viewed as a nonlinear Schrédinger equation [8, 15, 26].
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5 Euler Equations for Compressible Fluids: Momentum of the
Supercurrent

Look for a solution of the following form for Equation (25):

¥ = p'2(x, 1) expl(t/y)0(x, 1)] (28)

so that p = (V) represents the mass density of the supercurrent. Substitution of v/
into Equation (25) leads to the following equations, which are the real and imaginary
part of this equation, respectively:

dp

o1 + div (pv) =0, 29)
av _ Y\ 2
S+ (Vo = — (5) (VE) + 8(E + vxB), (30)
where
v = (VO — AS) (31
and

(7)) +av (o (7))
T=-|pV|-— +div| pV [ — + (¢ — dp). (32)
2 P P

Details for the derivations of these equations are found in [26]. One can easily recog-
nise in Equations (29) and (30) the Euler equations of an ideal compressible fluid,
whose density is p and the velocity v. Note that the quantity X plays the role of the
enthalpy.

It is worth remarking that Equations (29) and (30) are coupled with the Maxwell
equations. Specifically, Equation (31) leads to

curl v = B. (33)

The latter shows in evidence that the flow is an irrotational flow only in the absence
of electromagnetic fields, in which case 6 plays the role of a velocity potential.

Substitution of expression (28) into Equation (26) leads to the following explicit
formula for the supercurrent:

Js = 8p((VO — SA). (34)

Equation (34), which is reminding of London’s law such as expressed by Equa-
tion (7), establishes a link between the supercurrent with the momentum density of
the fluid

p = pv = p(VO — 5A). (35)

All this reasoning is expounded for a rigid superconductor at rest.
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6 Material (or Configurational) Momentum of the Supercurrent

Assume now that the superconducting material is a deformable, possibly moving
solid. In this case, it is suitable to write all equations and fields of interest (the
mechanical and the electromagnetic ones) in the undeformed reference configura-
tion of the material, which is denoted hereafter by Vr. The related current config-
uration is denoted by V. If X € Vr and x € V,x = x(X,¢) is the motion of
a material point. As usual, F denotes the deformation gradient, FT its transpose,
J = (detF) > 0,v = x the velocity of the material point. B = FF7 is the left
Cauchy—Green deformation tensor [22, 28]. The electromagnetic potentials in Vg
are

ArX, 1) =FT Ax(X,1),1) (36)

and
X, 1) =px(X,1),1) —V o A. (37)

These potentials satisfy the following equations that correspond to Equations (4)
and (9) properly written in the reference configuration:

Bgr = Curl Ag, (38)

Eg = —Ag — Vi ®. (39)

Curl and (Vg) are the differential curl and gradient operator in VR. The superposed
dot denotes the material (or Lagrangian) time derivative.
Introduce the order parameter W (X, ¢) in the undeformed configuration and as-
sume that
V= g2 (40)

where 1/} = IZ/(X(X, t), t). In the following, the symbol ¥ will denote both IZI and ¢
by abusing notation. In analogy with Equation (28), we can express W in polar form
as

WX, 1) = py (X, 1) exp [(1/y)OX, )], @1

According to these assumptions, the quantity WW = py = Jp possibly repre-
sents the density of the supercharges in the reference configuration.

Taking into account Equation (36) and recalling that Vg = F7 V, Equation (26)
can be written in terms of W as

5 _ i .

js = 2—7/ JoV2ET [\IIVR (\VJ—W) — WV (\IJJ‘1/2> — Az \11\1152] . 42)
L

which simplifies as follows:

. Oy

=5 I [\PVR\II —WVR U — Ag \If\il82] . (43)
L

Substitution of Equation (41) into Equation (43) provides the equation
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JFT js = 8po(VRO — Agd). (44)

As O(X, 1) = 0[x(X, 1), 1) and Vz® = FT (V#), Equation (44) also reads
JFTj; = 8po FT (VO — 8A) = 8pg FT v, (45)

where p(= J _1,00) and v satisfy Equations (29-31), as ¥ (x, t) satisfies (24) and
(25). These results encourage to identifying the supercurrent in the undeformed con-
figuration as

Sv T _ _
J, = 2_’” [waqf —WVRY — Aanpa2] — 500(VRO — SAR).  (46)
L

Accordingly, as J; = J FT Js» the following material momentum of configurational
mechanics is associated with J in a natural way:

pr = JF p = JF" pv = po(Vg0 — ARgd). (47)

Equation (47) shows in evidence that the quantity (VR® — Ag4), differently from
the quantity (VO — §A) = v, cannot be regarded as a velocity field of an Eulerian
fluid. In addition, if we assume that in a deformable and moving superconductor
London’s law (7) holds true in the undeformed configuration, then the supercurrent
in the actual configuration is

Ajs = J'B <—A + vé) . 48)

This formula is based on the general transformation rule for the electric current in
the reference configuration of the body

J=JFT(j + pev),

which satisfies the related Maxwell equation in this configuration [21-23, 25-29].

7 Concluding Remarks

London’s relation between the supercurrent and the electromagnetic vector potential
survives in a deformable superconductor. Specifically, for a given deformation the
supercurrent is linearly related with the vector potential through the left Cauchy—
Green deformation tensor.

It is also worth remarking that, in an extended time-dependent GL theory for
superconductors, the vector potential plays the role of a velocity field of an Euler
compressible fluid. This occurrence allows attributing a momentum and a mater-
ial momentum density to the supercurrent. The latter result suggests that possible
interactions of the supercurrent with electromagnetic waves or light should occur
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through their material momentum or pseudomomentum (P x B), rather that through
the momentum (¢gE x B) [20, 23, 24].
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Dislocations, Microforce and Micromomentum
in Second Order Finite Elasto-Plasticity

Sanda Cleja-Tigoiu

Abstract The paper deals with thermodynamic restrictions for physical force, mi-
croforce and micromomentum, compatible with the imbalanced free energy condi-
tion, written for isothermal processes, within the constitutive framework of elasto-
plastic materials with continuously distributed dislocations, which are mathematic-
ally modeled by the existence of the plastic connection with non-zero torsion and
non-zero curvature.

1 Introduction

The paper deals with macroscopic constitutive description for elasto-plastic mater-
ials with continuously distributed dislocations, involving physical quantities such
as disclination and couple forces. There is an extensive literature devoted to the
theories of continuous distributions of dislocations, proposed in different mod-
els [2,6,8,10]. The exposure of coordinate-free differential geometry concepts, like
connection, torsion, curvature, appropriate for the material uniformity is presented
by Noll in [12].
In our description three configurations will be considered:

k a fixed, initial (reference) configuration of the body B,
x (-, t) the actual configuration at time ¢, related to the motion function x of the
continuous body,

e JK; an anholonomic configuration, the so called configuration with torsion,

. . (p)
defined through the second order plastic deformation (F”, T' ), the plastic dis-
tortion and plastic connection with non-zero torsion. Here F” is an invertible

(p)
second order tensor, while T is a third order field.
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In the proposed framework the presence of continuously distributed dislocations are
described either by

(a) a plastic connection with non-zero torsion, but with zero curvature ( a Bilby’s
connection in [1]), i.e. the non-zero Burgers vector exists (see for instance in
Teodosiu [16]), since the first order compatibility condition is not satisfied, or
by

(b) aplastic connection with non-zero torsion, as well as with non-zero curvature (a
Kondo’s connection, see [9]), which means also the presence of the disclination.

The kinematics of the elasto-plastic processes involve non-local effects and rise
from the decomposition rule of the second order pair (F, I'), defined for any motion
by F = Vy and T = F~'VF. T has zero torsion and could be considered to be a
measure of the gradient of the deformation gradient, VF.

The decomposition rule

e © » )
(F,.I):=F,Tx)o¥’, Ti),

L © ®
F=FF?, T =(F)"' Iy [F’ F’l+ Ik, (D

means multiplicative decomposition of the deformation gradient into elastic and
plastic distortions, and the relationship between connections (see also Cross [4]).
Here the following notation for a third order field generated by a connection, say I',
and by second order tensors, for instance Fy, F,

(C[F{, F2lu)v = (I'(Fiu)) Fov, Yu,veV, 2)

has been introduced for vectors u, v.

In our notation I represents the matrix of the coefficients in a coordinate system
for the connection. We make the difference between VrF, the covariant derivative
of F, say F = F]’ i ®el ({i i} is a Cartesian basis), calculated with respect to the
connection T with metric property, instead of the Chistoffel symbol used in the
Riemannian geometry,

aFJl irm | i k
VrF = W—i‘Fm ik i ®e/ ® e, (3

and the derivative of F in a coordinate system x', in the direction u

i

OF; .
(VF)u = Sar i ®el. “4)

Here the rule of derivation with respect to the configuration with torsion is given,
for a field F, by

ViF = VF(FP)~ 1. 5
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2 Plastic Connection

First a new representation theorem for the plastic connection with metric property
is proved, certain incompatibility tensors being involved.

Let us remark that two geometrical structures have been introduced on the an-
holonomic configuration X

()
((FP)~Y, T %), with a metric tensor ¢? := (FP)~T (FP)~!

()
(Fe, f‘x), with a metric tensor C¢ := (F¢)T (F¢). (6)

() ()
The connections I' x and Ik are related through

(p) )
I x:= —F7 Ty [((EP)~!, (F7)~1]. (7

(p)
Ax. The connection T x has metric property (see Schouten [13]), with respect

. . @) @)
to the metric tensor ¢?, i.e. (Vx ¢?)u = (T x w)’ ¢? + ¢ (T x u), Vu.

Theorem 1. Under the hypotheses: plastic connection has metric property and the
composition rule for second order elastic and plastic deformations,
(1) The plastic and elastic connections are represented through

()N - -
T x u=FP(VxFP)"Hia+ (c?)" 1 (Aa xI)

(f)x i = (F)~ ' (Vx (F)u + (/)" (Aa x ). (8)

with A a second order tensor.
(2) The non-metricity measure Q% , of the elastic connection is given by

ci=—C¢cP)7I(Au x D) — [(Aa x DT (eP) 7 Ce, 9)
starting from the definition
Q5u = (Fi w7 +C(Fic w - (Ve Cu.
(3) The second order torsion tensor JV;; (= Ny ) is expressed by
NE =FPeurly (FP)~1 + (/)™ (ir AI— (A)T), (10)
with Cartan torsion Sx and JVJ[; related by (prﬁ)f' = NJQ (o x V).

We use the following notations
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(P e
OI‘)\)JC u:=Fr (Vg (FP) Hu, EA),K u:= (F)~ (Ve (F))u, (11)

for the so called Bilby’s connections.

. . . @ . .
Let a connection, say for the elastic connection I x, be given. The torsion is
defined as the skew-symmetric part of the connection

S%V)u = ((le‘)gc v)u — ((le‘)gc wyv. (12)

Remarks 1. In the case of small plastic distortion, i.e. F? = I+ 87, with |8?]| « 1,
formula (10) is reduced to the expression proposed by Nye for the torsion-curvature
tensor. A measures the influence of the non-zero curvature.
(p) ()
2. T x and T g, both of them have metric property if and only if F” € Orth.
()

3. If T« has zero Riemann curvature, then it has metric property. Thus all other
appropriate configurations have metric properties.

As a consequence of the adopted definitions in (1), the kinematic relationships
between the rates of the elastic and plastic distortions and the velocity gradient L

L=L¢+FL’F)"!, L=Vv

L¢ = F¢(Fo)~!, LP =FP(FPr)~L. (13)

3 Balance Equations

Two types of forces are involved in the model, physical forces represented by on
one hand by T, non-symmetric Cauchy stress and g, the stress momentum and on
the other hand by microforces T§< and micromomenta uf;{.

We introduce the relationship between the stress momentum p, written with re-
spect to the actual configuration and those represented in the configuration with
torsion, wx,

px = (det F)(F)T p[(F)~T, (F)~T]. (14)

Based on the adopted kinematics and power conjugated forces, we introduce the
following assumption:

Ax. The expression of the internal power is postulated to be given in terms of phys-
ical and micro forces and their appropriate conjugated rates



Dislocations, Microforce and Micromomentum in Second Order Finite Elasto-Plasticity 87

1 1 1
(Pin) e = —(T+T*) - L + — Y5 L + —pl - VxLP+
P PX PX

e o () + <d<A> I) (15)
—pyx - Lor( Ax )+ —whi | - (A) xI).

Px ' px’ % \dr

Here

) d (e ) (@) (©
Lo (Ax ) = 1 Ax —L7 Ay + Ax [LL T+ Ax 1P =

= (F*)~'V, L[F¢, F°] — VxL?, (16)

and represents the elastic contribution at the second order velocity gradient, while
the rate of elastic distortion L¢ is replaced from the kinematic relationship (13).

Based on the principle of the virtual power appropriate to finite elasto-plastic
models, formulated by Cleja-Tigoiu in [3], the balance equations for macro and mi-
cro forces have been derived within the second order theory, when the plastic con-
nection is flat, i.e. the Riemann curvature tensor is vanishing. The plastic connection
expressed through the formula (8) becomes flat when A = 0.

(1) The macro (local) balance equations

pa=divT + pby, in x(P,t) =5,
T* = div . + pB,,, (17)

with the boundary condition Tn = t, un = M on 95, where n is the unit nor-
mal vector. p and px are the mass densities in the actual configuration and in the
configuration with torsion, respectively.

(2) The microbalance equations

Y =div (nh) + pxBl, in K(P,1), (18)

with ;prn = M? on 9K (P,t), have to be satisfied by the forces, in any de-
formation process.

If the curvature tensor associated with the plastic connection is non-zero, then
variation of the internal power is produced also by the non-zero rate of A, as it has
been postulated via the formula (15). Thus the microbalance equations have to be
completed by

div (u%) + pxB), =0, in K(P,0), (19)

phen =M" on 9K (P, 1).
Following Gurtin’s idea in [7, 8], the second law of thermomechanics is formal-
ized for any deformation process, through the free energy imbalance

(Pint)x — x>0, (20)
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with respect to the configuration with torsion, where ¥ x is the free energy density.

4 Free Energy Imbalance. Thermodynamic Restrictions

The thermodynamic restrictions within the constitutive framework can be derived,
starting from different forms postulated for the free energy density function. We
account for the dislocation and disclination by considering the free energy function
in X in the form

~ (p)
Y = Y (C, S5, (FP)~1, symfi,x, A x 1), 1)
here ((A x Du)v := Au x v and
. @ . ® 4 L
S5V = (Ax WV — (Ax VU= (F) " curlxF(u x v),

© g, ©
Ag= ESJ( +symg Ax, (22)

with the last third order field defined by

e _ . 1,6 _ © .
(symp Ax WV = E((AJ( WY+ (Ax V). (23)

In our constitutive framework we consider the relationships
C¢ = (F")TCEP)~!, C=FTF,

() () _1 _1 (e) ® 1 1
Ax=—FP A [FP)", F)T], Ax=FTr— AQIEP), (FP)7],

S¢ = Sh = —FrPSI(EP)~!, ()71, (24)
as well as
() (9] _1 _1
symgAx = —FP(sym A[EP)~, FP)~], (25)

that allow us to pass to the constitutive representation for the free energy density,
written with respect to the reference configuration

- (§2)
¥ = P (CE. 8%, (FP)~ symsc, A x T,

_ - P
= Y (C, S/, FP, symp Ak, A x I), (26)
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Proposition 1. The rate of stress free energy density is calculated from (21) as fol-
lows

. . d _
Yo = dcewrac - €+ 0ge Vo - —-S = BN )1 e - LI+

d () .
+90 o Yx- (—SymRAJc) + 0ax1¥x - (A x D), 27)
Sympg Ax dt

in terms of rate of kinematic quantities, which have to be replaced by their appro-
priate expressions.

First of all we recall the formula

d ) (p) (p) (p)
o Ax=—VxLP + L7 Ax — Ax [I,LP]— Ax L7, (28)

and thus the rate of SfK can be derived

d -, ®) ®) ®)
7, 8x) = —2skwr{Vx L’} + 2skwp{L? Ax — Ax [LL’]— Ax L}.(29)

The time derivative of the elastic strain, defined in (24) and which appears in (27),
is replaced by

C¢ =2 (FO)T{L)'F° — 2 {C°L?)’, (30)
in terms of the velocity gradient and the rate of plastic distortion.
Remark. When we eliminate the rate of the elastic distortion from (27) via (30),

then only L and L? and their appropriate differentials, V,L and VxL?, enter the
internal power and the rate of the free energy density.

Proposition 2. The free energy imbalance yields for any virtual process, if the in-
equality written below

. (p) ~ P ~ ~ (P
(Pin)gc — Vxe = 205 Y - skwr{Ax(L L1+ AxL? — L Ax} +
1 ~ ~
- { —(F) T + T (F) 7 - 20 wx} ([F)TLYF — {C°-LPY] +
0
1 ~ ~ 1 ~
+ ;{T + T} (L — FLP(F¢) "'} + {p—xrg’{ + (FP)—Ta(Fp)_mpK} -LP +
1 ~ - 1 -
+ —px - F) NV, DIF Bl = Vo LP1+ —pfi - Vi L? +
PX Px

1 -
+ (p—M§< - 3Ax11/fJ<> “(BA x D+ 2353{ Vi - skwr{VxLl} +
K
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~ ® ~ ®» ~ ~ (p)
+9 o Vi symp{VxL? + Ax[L L 1+ AxLP —LPAx} >0  (31)
symp A X

holds for any L= VXV, Vxﬁ, and for given Ep, fop, SA restricted to certain
admissibility conditions.

The following notation, similar to (23), can be introduced for a third order field

e . . 1,6 _ . e .
(skwg Ax W)V = E((«AJ{ WV — (Ax V). (32)

We consider that it is possible to have L”, VxL? and §A vanishing, while the
virtual velocities L, V, L are arbitrarily given, then from (31) it follows that:

Proposition 3. Constitutive equations for macroforces (physical forces) are ex-
pressed through free energy density function Vx,

1
— My =20dcYx, or (T} =2pF deepse(F)', (T} = —T*,
Px

1
symp {—ﬂx} =0, (33)
Px

under the supposition that T* is a skewsymmetric tensor.

Here the (symmetric) Piola—Kirchhoff stress tensor with respect to the configuration
with torsion was introduced
1

1
— Ty = —F°T(F)T. (34)
PXK P

Proposition 4. When we introduce (33) into (31), the dissipation inequality is de-
rived, i.e.

1 _ ~ 1
{p—ngg + (F?) Ta(Fp)IWJC} -LP + <,0_,7<M’AK - 3A><IWJ<) “(BA x1I)

1 1 ~ -
+ <—IL§< — skwpg {—ILK}> - VxLP + 205 Y - skwr{VxLP}+
PX PX K

(9] ~ P ~ ~ (P
+20g, Yo - skwr{Ax[L L]+ AxLP = LP A }+

~ (p) ~ P ~ ~ (P
+0 g Yx -symp{VxL? + Ax[LLP]+ AxL? —LP Ax} >0. (35)

symp AKX

Now we pass to the constitutive equations written with respect to the reference
configuration k. We use the relationships between the partial derivatives of the free
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energy expressed relative to the initial configuration k, and to the configuration with
torsion K, which are derived by applying the chain rule to (26).

dc Yk = (FP)~'aceyx (FP)~T
3 o Wk=—EFNT0 o Yxl®E)T FP)T],
symp Ak Sympg Ax
do Y& =—F")Tdo Yx[EN)T, E)T]. (36)
Sk S x

In order to avoid certain indeterminacy looking at the dissipation inequality (35),
we assume that

Ax. The stress momentum is derived from the free energy function via the con-
stitutive relation

1
— k=200 Vx. (37)
PK R

S x

Obviously, (33) holds.
As a consequence of (37) together with (36) we get from (14)

B 2k To, JulFT FTL. (38)

1% S

Similar, from (33) together with (36), the constitutive equation to determine the
Cauchy stress in terms of the potential yields

inx =2dceyx, or {T)® =2F dcyrF’. (39)
PK
The dissipation inequality (35) suggests the adoption of the constitutive visco-
plastic relationships for the microforces.
Ax. Constitutive equations for microforces and micromomenta contain dissipat-
ive and non-dissipative parts, the so-called energetic microforces,

Yh = 2px Ccevx + pxcdpr BT + Y LP

mhe = pxd o Yx +YuVxL?,
symyp Ax

Wi = pxcdaxaa + Ya(A x I). (40)

In (40) the partial derivatives of the potential ¥ x have to be replaced by those
corresponding to Y, via the formulae (36). To ensure the positivity of the dissipated
power we add another constitutive restriction.

Ax. The scalar constitutive functions Yy, Yy, Y, are defined in such a way to be
compatible with the dissipation inequality
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YfLP -LP + Y, VxLP - VxLP + Y;(A x I) - (A x I) > 0. (41)

5 Conclusions

1.

2.

A non-Cosserat kinematics has been developed, but the stresses and couple
stresses are involved, apart from Forest et al. [6], Teodosiu [15], and so on.

Not only physical forces are presented in our model, but also microforces and
micromomenta, which should be consistent with their microbalance equations,
like in the theories developed by Gurtin in [8], and Stumpf and Hackl in [14].
Here we distinguish between the microforces and the material forces in the sense
well defined by Maugin, see [11].

. The kinematics of the elasto-plastic processes involve non-local effects and rise

from the decomposition rule of the second order pair of deformations, which
involve connection with non-zero torsion and non-zero curvature, apart from the
models with connection without torsion but having non-zero curvature, see [5].
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A Variational Framework for Dual Solutions
in the Physical and Material Space

Daniel Materna and Franz-Joseph Barthold

Abstract This contribution is concerned with duality techniques in the physical and
material spaces. Variational formulations for the primal physical and primal material
problem are derived and we introduce the corresponding dual problems. The dual
solutions in the physical and material spaces can be used to compute the changes in
a certain quantity of interest for arbitrary given changes in the physical and material
residual, respectively.

1 Introduction

A variational framework is a common approach for deriving the equilibrium re-
lations of the classical physical motion problem as well as for the corresponding
material motion problem in elasticity, see e.g. the monographs [3, 8]. Besides the
primal physical and the primal material problem we investigate duality techniques
based on variational arguments for both problems. The concept of duality plays an
important role in many fields, e.g. in structural mechanics, physics, optimization,
control theory, computational methods and goal-oriented error estimation.

In the context of structural mechanics and mechanics in the physical space, du-
ality relations are well-known as Betti’s principle, also known as the reciprocity
theorem. The corresponding dual solutions are Green’s functions or influence func-
tions, see e.g. [1].

In the context of configurational mechanics or mechanics in the material space, a
reciprocity relation in the material space similar to the reciprocity relation for point
loads in the physical space was proposed in [2]. We investigate a general variational
approach for dual solutions in the physical and material space.
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We consider for motivation a linear problem. Let for instance # € 'V be the
solution of the so-called primal problem in the variational form

a,n) =F@m) VypeV, ey

where a(-, -) : V x V — R denotes a bilinear form corresponding to the considered
differential operator and F(-) : V — R is a linear functional associated with the
given external loads in a given space V.

In duality techniques we are concerned with a certain quantity of interest or gen-
eral output or cost functional J(u), which can be every functional value which
corresponds in some sense to the solution #. The quantities of interest can be rep-
resented as linear or nonlinear functionals J(-) : 'V — R of the solution. This could
be point values, e.g. a component u; or the derivatives du; at some given point X ,
ie.

J(W) =ui(Xp) or J(u)=0kui(Xp). 2

For a chosen quantity of interest J (), the corresponding dual or adjoint solution or
generalized Green’s function 7 € 'V is determined by the dual or adjoint problem

am,z)=J(m) VneV. (3
By using (1) and (3) as well as the symmetry of a(-, -) follows
Jw)=au,z)=F(2). )

If the dual solution z is known, the quantity of interest J(u) can be computed for
arbitrary functionals F(-), i.e. J(u) = F(z). In structural mechanics this relation is
well-known as Betti’s principle, see e.g. [1].

The relation (4) holds in the exact form only for linear problems. Nevertheless,
the duality approach can be extended to general nonlinear problems. Furthermore,
the concept is more general and not restricted to mechanical problems. In general,
every quantity of interest can be associated with a functional J (-).

2 A General Optimal Control Approach

We consider an abstract optimal control approach, which yields a general framework
for duality relations of variational problems, see e.g. [4]. Let x € X be the solution
of a given (nonlinear) variational problem

Bx;m):=alx;n) —F) =0 VypeX &)

in a space X. Here, a(x; -) is a semilinear form, i.e. only linear with respect to all
arguments right from the semicolon and F(-) is again a linear functional. Further-
more, let J(x) : X — R be the (possible nonlinear) quantity of interest with respect
to the solution x.
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An optimal control approach ends in the following constraint optimization prob-
lem:
miDrC1 J(x) subject to Bx;n) =0 VpeX. (6)
xXe

The constraint is just the variational problem (5). The corresponding Lagrangian
functional reads

Lx,g)=J(x)+ F(g) —a(x;8) =J(x) - B(x; g) )

and the first-order optimality condition follows in the form

L (x,g) J (x:v)—B.(x;:g,v

L'(x,g)(v,n) = f( OO _ | L) = Bilxwgml_ o
Ly(x,8)®) — B(x;n)

for all {v, 5} € X x X. Here, g € X denotes the dual or adjoint variable. The first
equation in (8) is the dual or adjoint problem and reads: Find g € X such that

B.(x; g,v) = J.(x;v) Yv e X, 9)

with the tangent operator B)’C (x; -, -) and the linearized functional J; (x; ), 1i.e.

Bl.(x; g, v) = iB(x—l—sv; 2| . J(x;v) = iJ(x—i—sv) . (10)
de e=0 de e=0
The dual problem is a linear problem and is formulated at the current linearization
point, i.e. at a given solution x.

The second equation in (8) is just the variational equation of the primal problem
(5). In the general nonlinear case, the solution of this equation within a Newton
scheme requires the linearization B(x; n) + Dy B(x; ) - Ax + O = 0. The tan-
gent operator is given in (10) and denoted by 7(x; n, Ax) := D, B(x; ) - Ax =
B (x; 1, Ax). The term O denotes a reminder of higher-order and can usually be
neglected. Hence, the solution of the nonlinear primal problem (5) requires the solu-
tion of the linear equation

t(x;n, Ax) = —B(x;1n) VpeX (11)

in every Newton step in order to find the new increment Ax.
By using (9) and (11) as well as the symmetry of the bilinear form By (x; -, -) =
t(x;-,-),i.e. BL.(x; n, Ax) = B(x; Ax, 1), we have

Ji(x; Ax) = t(x; g, Ax) = —B(x; g). (12)

If the dual solution g is known, the change in the quantity of interest J(x) can be
computed for arbitrary functionals B(x; -), i.e. J,(x; Ax) = —B(x; g).

In order to make this relation more transparent we consider a discrete formu-
lation. Let J(x) = x; be the quantity of interest and let g € R” be the discrete
dual solution according to x; as well as J, € R" be a discrete vector which corres-
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ponds to J)(x; -). Furthermore, let T € R"*" be the tangent matrix and let B € R"
be a discrete vector corresponding to the bilinear form 7 (x; -, -) and the functional
B(x; -), respectively. With these, the discrete versions of (11) and (9), i.e. the dis-
crete primal problem and the discrete dual problem are given as

TAx =—-B and T7g=17,, (13)

respectively. Due to the symmetry of the tangent form B (x; -, -), we have T =
TT. Then, the change in the quantity of interest J;(x; Ax) = Aux; at the current
linearization point x is given from the discrete version of (12) in form of

Axi=AxTJ, =AxTTTg =g"TAx = —g"B. (14)

3 Variational Balance Laws in the Physical and Material Spaces

Let E (v, s) be the total potential energy of a hyperelastic body. The energy depends
on the generalized state function v € 'V and on a generalized design or control func-
tion s € 4, which specifies in an abstract sense the current reference configuration
QRr,i.e. Qg = Qr(s). The space V denotes the usual Sobolev space and 4 the space
with all admissible design functions. The total potential energy is given by

E(v,s) := WgrdQ2 — F(s; v), (15)
QR

where Wg denotes the strain energy function and F(s; -) is a functional associated

with the external potential.
The partial variation of E with respect to v yields the primal physical residual

R(v,s;n)::EL(v,s;n):f P :GradndQ—F(s;n9) =0 VpeV. (16)

Qg

In the same manner, variation with respect to s leads to the primal material residual

G,s; V) :=E;(v,s;¢)=/ Y :Grady dQ — F/(s;v,¥)=0 V¢ € 4.

Qr
A7)
Both residuals are written in terms of the reference configuration Qg in which P
is the first Piola—Kirchhoff stress tensor and ¥ = WgI — Grad v” P denotes the
energy-momentum tensor. Using standard pull back and push forward operations
we can transform all quantities into different configurations, see e.g. [8].
LetY :=V x 8 be aproductspace andset y = {v,s} € Y, Ay = {Av, As} € Y
as well as ¢ = {5, ¥} € Y. The simultaneous solution of the coupled physical (16)
and material problem (17) ends in the linearized equation

H(y; 9, Ay) = —L(y; 9) Voely, (18)
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Hiy:o. Ay = | FOSm A+ p@sin b | 4 | RO.s00)
e e s Av, ) Hdu s ¥, As) T T L G, s ¥)

which has to be solved in each Newton step. The Hessian operator H (y; ¢, Ay)
contains the partial variations of R and G, respectively, i.e. the second and mixed
variations of the energy functional. The variations are given as

k(v,s;n, Av) := R, (v,s; 9, Av) =E), (19)
p(v,s; 1, As) := R, (v,s; 0, As) =E,, (20)
d(v,s; ¥, As) == G (v,s; ¥, As) = E, 1)
p(v,s; Av,¥) =G, (v,s; ¥, Av) = E | (22)

where k(-; -) is the tangent physical stiffness operator and d(-; -) is the tangent ma-
terial stiffness operator. Due to symmetry and permutableness of variations, the
problem is coupled by the tangent pseudo load operator p(-; -) := R,(:;-) = E)|, =
E! = G (-; -), see [5] for explicit formulations of the tangent operators.

4 Duality Techniques for the Physical Problem

4.1 The Primal Physical Problem

The variational equation of the primal problem is given in Eq. (16). The solution
within a Newton scheme requires the linearization R(v, s; §) + Dy R(v, s; ) - Av+
O = 0. The tangent operator D, R(v, s; ) - Av = R;(u, s; 1, Av) = k(v, s; 5, Av)
is the tangent physical stiffness operator (19). Hence, the solution of (16) requires
the solution of the linear equation

k(v,s; 5, Av) = —R(v,s; 1) VpeV (23)

in every Newton step in order to compute the increment Awv.

4.2 The Dual Physical Problem

Let J(-) : ¥V — R be a (possible nonlinear) quantity of interest for a given fixed s.
We use the optimal control approach from Section 2 with x = v as the considered
variable and we set X0 = V. Then, the corresponding dual physical solution z € 'V
is determined by

k(v,s;z,m) = J,(v; ) VyeV. (24)

The variation of J according to (10) is given from
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d
J(v; ) = Te J(w+en)
e=0

The explicit form of J; (v; -) depends on the chosen quantity of interest J.
With (23) and (24) and by using the symmetry of k(v, s; -, -) we have

J,(v; Av) = k(v, 55 2, Av) = —R(v, 5; 2). (25)

Finally, if the dual solution z is known, the change in the quantity of interest can be
computed for arbitrary functionals R(-).

We consider the discrete case. Let J(vy) = v; be the quantity of interest and let
z € R” be the vector with the discrete dual solution corresponding to v;. Then, the
discrete form of (25) for the change in the quantity of interest reads

Av; = —z! R, (26)

where R € R" is the physical residual vector corresponding to R(v, s; -).

4.3 Sensitivity Relation Using the Dual Solution

We consider a variational sensitivity relation for the change in the state v due to
changes in the material configuration s. This reads: Find §v € 'V for a given fixed
design variation 8§ € 4 such that

k(v,s;n,0v) =—0,,s; 1) VpeV, (27

where Q,(v,s; ) := p(v,s; -, 85) = R, (v, s; -, 85) is the pseudo load of the phys-
ical problem for the variation 88, see [5] for details. The variation in the state §v € V
due to a variation in the design §s € 4 is given in (27). The dual solution z is given
from (24). From this, we obtain a sensitivity relation for the change in the quantity
of interest

Jo(0; 8v) = k(v, 552, 8v) = —Q,(v, 53 2). (28)

If the dual solution z is known, Eq. (28) can be evaluated for arbitrary pseudo loads
Op(u,s; -),ie. for arbitrary admissible design variations ds [7].

We consider the discrete case. Let again J(v;) = v; and z € R" be the vector
with the discrete dual solution. Furthermore, let §§ € R™ be a discrete vector with
the changes in the design variables. Then, the discrete form of (28) is given as

v =-2"Q,. (29)

where @, = Pé§ € R" is the pseudo load vector and P € R"*" is the pseudo load
operator matrix corresponding to Q, (v, s; -) and p(v, s; -, -), respectively.
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4.4 The Material Residual of the Dual Problem

The dual solution z € 'V is determined by the linear equation (24). We assume, that
J (v) is a regularized functional and well defined on V. Then, the dual solution z is
a minimizer of the corresponding energy functional of the dual problem

E*(v)(z,$) = %k(v, s:2,2) — J, (v, 8 2). (30)

By means of the tangent operator k(v, s; -, -), we introduce the strain energy func-
tion of the dual problem W} (v, z) such that the internal energy of the dual problem
reads

1
—k(v,s;z,z)=/ Wg(v, z)dS2. 31
2 Qr

With this, the total potential energy of the dual problem can be written as
E*(v)(z,5) = f Wr(v,2)dQ — T (v, 5; 2). (32)
Qr

The dual energy functional E*(v)(z, s) is constructed at a given deformed state v
and describes an energy quantity due to the linear dual solution z at this point [7].
The variation of E* with respect to z yields the dual physical residual

R*(v,s;2,m) == EY (0)(z, ;) =k(v,s:2,)—J,(v,5:) =0 VpeV. (33)

This is just the dual problem (24). A variation of E* with respect to s leads to the
dual material residual

G*(v,s;2; %) == E¥ (v)(z,5; ¥)
= %k;(v,s; zY)—J(v,s;2,9)=0 Vyes (34

The variation of the internal energy of the dual problem (31) is given by
1
Ek;(v,s;z; V) =/ Y*(v,z) : Grad ¥ dQ. (35)
Qr

Here, we have introduced an energy-momentum tensor of the dual problem

IWg(v.z) Grad T oW (v, 2)

T*(v, z) := Wi(v, 2)I — Gradz” .
@, 2) &(v.2) radz 0 Grad z 0 Grad v

(36)
The dual material residual G* represents the sensitivity of the energy functional
E*(v)(z, s) with respect to changes in the design s, see [7] for details. It is well-
known that the material residual of the primal problem G is an error indicator for
a non-optimal finite element discretization of the primal solution v and used within
global mesh optimization algorithms. The material residual of the dual problem
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G* is an error indicator for a non-optimal finite element discretization of the dual
solution z and can be used within a goal-oriented r-adaptivity algorithm [6].

5 Duality Techniques for the Material Problem

5.1 The Primal Material Problem

The variational equation of the material problem is given in Eq. (17) and reads
G (v, s; ¥) = 0. In order to solve this nonlinear problem in a staggered way, we use
the linearization G (v, s; ¥) + D;G (v, s; ¥) - As + O = 0, see [5] for details. The
material tangent operator is introduced as m(v, s; ¥, As) := D;G(v,s; ¥) - As.
This is a bilinear form m : 4 x 4 — R, which has to be evaluated for the current
{v, s}. Hence, we have to solve the linear equation

m(v,s; ¥, As) = —-G(v,s; ¥) V¥ ed 37

in every Newton step in order to compute the increment As.

5.2 The Dual Material Problem

Let J(-) : 4 — R be a quantity of interest for a given fixed v. We use the op-
timal control approach from Section 2 and we set x = s and X’ = 4. Then, the
corresponding dual material solution q € 4 is determined by the linear equation

m,s;q,¥)=J(s:¥) V¥ €S (38)
The variation of J according to (10) is given from
, d
Ji(s:9)= —J(s+ey)
de e=0
By using (37) and (38) as well as the symmetry of m(v, s; -, -) we have
Ji(s; As) =m(v,s;q, As) = =G (v, 5; q). (39)

If the dual solution ¢ is known J/(s; As) can be computed for any functionals G (-).

We consider the discrete case. Let J(s;) = s; be the quantity of interest and let
q € R be the vector with the discrete dual solution corresponding to s;. Then, the
discrete form of (39) for the change in the quantity of interest reads

Asi=—q'G, (40)
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where G € R" is the material residual vector corresponding to G (v, s; -).

5.3 Duality Relation for the Coupled Problem

We consider the solution of the coupled physical and material problem given in
Eq. (18).Let J(v,s) : V x 4 — R be a differentiable quantity of interest. The dual
solution y* := {2z, q.} € ¥ is determined by the dual problem

H(y;y".9)=J'(y:9) Voey, (41)

x| ks ze, )+ p(v,sin, q,) e oy i ] To@sTD)
H(y:y". ¢) ‘_{p(v,s;zc,¢)+d(v,s;qw'ﬁ)}’ Tie= {Js/(”vS”/’) .

Due to the symmetry properties of H, i.e. H(y; ¢, Ay) = H(y; Ay, ¢), we have
J'(y; Ay) = H(y: y*, Ay) = —L(y: y"). (42)

This equation can be evaluated for arbitrary residuals L(y; -) if the dual solutions
y* = {z., q.} are known. The result is the total change in the quantity of interest
with respect to v and s. The index c indicates that the dual solutions are obtained
using the coupled system. Note, that these dual solutions differ in general from the
results which are obtained with (24) and (38), respectively. Because the consecutive
solution of (24) and (38) is part of a staggered solution scheme, i.e. a decoupled
algorithm, and the increments {Av, As} differ from the results of (18).

6 Conclusions

We have considered duality techniques for the physical and material problem based
on variational principles. A general optimal control approach yields the framework
for duality relations of variational equations. The dual solution depends on the kind
of the considered variational problem. For the physical and material problem the
duality relations are summarized in the following table:

| linearized primal problem | dual problem
physical problem: R = 0 k(n, Av) = —R(n) k(z,n) = J,(n)
material problem: G = 0 m(¥, As) = —G(¥) m(q,¥) = J)(¥)

The dual problems in the physical and material spaces are linear problems and for-
mulated at the current linearization points {v, s}, i.e. at a given deformed state. If
the dual solutions are known, a quantity of interest can be computed for arbitrary
physical and material residuals, respectively.

An example for a dual physical solution z and a dual material solution ¢ is given
in Fig. 1 (the vertical components). The approximate dual solutions z; and g, are
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o

(a) primal physical prob- (b) dual physical solution zz (c) dual material solution ¢
lem for J(vy) = ua (P) for J(sp) = X2(P)

Fig. 1 Plate with a slit loaded by a body force bg: the dual physical solution z; and the dual
material solution ¢, in vertical direction.

computed using the finite element method and the shown mesh by solving (24) and
(38), respectively. The physical quantity of interest is the vertical component of the
nodal displacement at a given point P, i.e. J (vj,) = ua(P). The material quantity of
interest is the vertical component of the nodal coordinate at P, i.e. J(sp) = X2(P).
The dual solutions reflect the influence of the considered residual on the change
in the physical and material quantity of interest, respectively. For instance, a large
value of z in a certain domain €2; indicates that a physical residual in €2; causes
a large change in u5. In the same manner, a large value of ¢ in €2; indicates that a
material residual in €2; causes a large change in X;. Hence, the dual solutions are the
influence functions for the considered physical and material quantity, respectively.

Furthermore, we have investigated the material residual of the dual physical
problem G*(v,s; z; -). In the context of the finite element method, the residual
G*(vp, Sp; Zh; +) is an error indicator for a non-optimal finite element mesh for the
dual solution z; and can be used within a goal-oriented r-adaptive mesh optimiza-
tion algorithm.
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On the Nonlocal Symmetries, Group Invariant
Solutions and Conservation Laws of the
Equations of Nonlinear Dynamical
Compressible Elasticity

G.W. Bluman, A.F. Cheviakov and J.F. Ganghoffer

Abstract A family of new PDE systems of one-dimensional nonlinear elastodynam-
ics, which are nonlocally related to the classical Lagrange and Euler formulations, is
derived. These new PDE systems provide alternative equivalent descriptions of the
one-dimensional nonlinear elasticity model. In particular, nonlocally related sys-
tems are used to find nonlocal symmetries of the Euler system for various forms
of constitutive and loading functions. Examples of new dynamical solutions arising
as group invariant solutions with respect to such nonlocal symmetries are construc-
ted. Another application of nonlocally related systems considered in this paper is
the construction of nonlocal conservation laws. Examples of nonlocal conservation
laws are derived for several classes of stress-strain relations and loading functions.

1 Introduction

Analytical studies of nonlinear dynamical elasticity models, and especially, the
problem of finding exact solutions, have attracted significant attention of researchers
in recent years. Lie symmetries are widely used in the analysis of contemporary non-
linear elasticity models, especially for the calculation of similarity (invariant) solu-
tions, arising from symmetry reduction (see [1-4] and further references in [7]). Fo-
cusing on nonlinear elasticity, it is well known that very few closed-form solutions
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of BVPs for compressible elasticity have been obtained in the literature (contrary
to incompressible elasticity), due to the absence of the kinematic incompressibility
constraint, as pointed out in [8,9]. Lie group analysis is of further interest in setting
up numerical schemes preserving the group properties of an initial boundary value
problem (BVP) [5].

The problem of finding conservation laws (full divergence expressions) that hold
for a system of partial differential equations (PDEs) is an important counterpart to
symmetry analysis. In elasticity theory, one well-known application of conservation
laws is the Eshelby energy-momentum tensor, and a related path-independent in-
tegral, which governs the energy release rate at a singularity [10]. Symmetries play
moreover an important role in Eshelbian mechanics, since invariance of a suitable
functional under translations in material space (corresponding to horizontal vari-
ations) highlights the Eshelby tensor in the resulting equilibrium equation [6]. In a
series of papers, Olver studied conservation laws and related path-independent in-
tegrals in linear elastostatics within the framework of hyperelasticity (see [11] and
references therein). Mathematically, conservation laws can be systematically cal-
culated, both for variational problems (Noether’s theorem) and for non-variational
problems [13, 14].

The present contribution is organized as follows. In Section 2, the Euler and
Lagrange PDE systems of one-dimensional systems of nonlinear elastodynamics
are presented. In Section 3, a nonlocal relation between the Euler and Lagrange
PDE systems is derived, and using conservation laws of the Euler system, a set
of additional PDE systems, equivalent but nonlocally related to both the Euler and
Lagrange PDE systems, is constructed. In Section 4, nonlocal symmetries of the
Euler system are classified, arising as point symmetries of its nonlocally related
systems. Such nonlocal symmetries are used in Section 5 to derive an example of
an exact invariant solution of a nonlinear elastodynamics BVP, corresponding to a
nonlinear stretching. In Section 6, one of the considered nonlocally related PDE
systems is used to derive new nonlocal conservation laws of the Euler equations of
nonlinear elastodynamics.

2 Nonlinear Elasticity: Boundary Value Problems in 1D

In the one-dimensional situation, since the transformation gradient is the ratio of
initial to actual density, F = g = po/p, the Cauchy stress is given by o = o (p).
The 1D Euler system is given by [7]

pr + (pv)x =0,
E{x,t;U,U,p}: 0x+pf(x1t)=p(vl+vvx)1 (1)
o= K(p).

In this paper we will only consider conservative forces f(x, ) = f(x).
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The independent variables are the Eulerian coordinates (x, ¢), the dependent vari-
ables are (p, v, o), and some freedom of choice is allowed for the possible forms
of the load per unit mass f = f(x) and the material’s constitutive response, i.e.
the function K = K (p). Dimensionless variables are adopted in the sequel, follow-
ing [7].

The relationship between the first Piola—Kirchhoff stress and the Cauchy stress
leads in 1D to 0 = T. Therefore, the 1D Lagrange system in dimensionless vari-
ables is given by

q =Xy,
Li{y,s;v,0,q,x}: zt;ﬁ; + f(x) @
o=K(/q).

In the Lagrange system, the independent variables are the Lagrangian coordinates
(y, 1), the dependent variables are (x, v, g, ), and the free functions are f = f(x)
and K1(q) = K(1/q).

3 Nonlocally Related Systems of 1D Nonlinear Elasticity

Consider a PDE system R{x ; u} of N PDEs of order k with n independent variables
x = (x!,..., x") and m dependent variables u(x) = (u!(x), ..., u" (x)), given by

R°[ul= R’ (x,u,du,...,8u)=0, o=1,...,N. (3)

PDE systems nonlocally related to R{x ; u} arise in the following two simple ways
[12].

(a) If the system R{x ; u} has a conservation law
D;®'[u] =0, )

then one may accordingly introduce nonlocal (potential) variable(s) v, satisfying
corresponding potential equations. The union of the set of equations of R{x ; u}
and the potential equations yields a potential system S{x ; u, v}.

(b) Exclusion of one of the dependent variables of R{x ; u} by differential com-
patibility relations (e.g. vx; = vsx) yields a nonlocally related subsystem.
For example, if u! can be excluded, the corresponding subsystem is denoted
R{x; u?, . L, ut}h

Combinations of the above two constructions, including their use in combination
with interchanges of dependent and independent variables, may be used to obtain
further nonlocally related PDE systems.

Solution sets of nonlocally related PDE systems are equivalent, in the sense that
the solution set of one such system can be found from the solution set of of any
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other one. Therefore any method of analysis (qualitative, perturbation, numerical,
etc.) that fails to work for a given PDE system, especially a method that is not
coordinate-dependent, could turn out to be successful when applied to such a non-
locally related PDE system. In particular, for a given PDE system, through Lie’s
algorithm applied to a nonlocally related system, one can systematically calculate
nonlocal symmetries (which in turn are useful for obtaining new exact solutions
from known ones), construct (further) invariant and nonclassical solutions, as well
as obtain linearizations (see e.g. [7, 12]). One could also obtain nonlocal conserva-
tion laws of a given PDE system, through the application of a standard procedure
for finding local conservation laws to a nonlocally related system (see Section 6).

We now construct a tree of nonlocally related systems for 1D nonlinear elasto-
dynamics, starting with the Euler system E{x, ¢ ; v, o, p} (1).

The first equation of the system E{x, ¢; v, o, p} (1) is in the form of a conser-
vation law (mass conservation) as it stands; hence a potential w can be introduced.
The corresponding potential system takes the form

w)( = 105
. . Wy = —pV,
EWle 50000 W20 64 o) = (o + o), ®
o =K(p).

It is remarkable that a local 1:1 point transformation (an interchange of a de-
pendent and independent variable) of the system EW{x,t; v, 0, p, w} withw =y
and ¢ treated as independent variables, and x, v, 0,9 = 1/p as dependent vari-
ables, directly yields the Lagrange system L{y, s ; v, 0, ¢, x} (2). Hence, the sys-
tems EW{x,7;v,0, 0, w} (5) and L{y,s; v, o, q,x} (2) are locally related to
each other (by a point transformation), but nonlocally related to the Euler system
E{x,1; v, 0, p} (1). A similar connection exists in higher dimensions, expressed by
the kinematic relation from configurational mechanics given by

V.t + F_l.x,t =0

In the Lagrange system L{y, s; v, 0, q, x} (or EW{x, t; v, 0, p, w}), the inde-
pendent variable y = w = f o(x, t)dx is a mass coordinate.

Note that in the case of linear elastodynamics, o = K(p) = po/p with lin-
ear loading f(x), the system EW{x, ¢; v, o, p, w} (5) is a nonlinear PDE system,
whereas the locally equivalent system L{y, s ; v, 0, g, x} (2) becomes linear.

To further extend the tree of nonlocally related systems of one-dimensional non-
linear elasticity equations, one can use additional conservation laws and consider
potential systems of the PDE systems E{x, 7 ; v, o, p}, EW{x, ¢; v, 0, p, w} and/or
L{y,s; v, o, q, x}. In particular, the Euler system E{x, ¢ ; v, o, p} (1) has the con-
servation law

2
Di(v — f(x)t) + Dx (% - M(p)> =0, (6)
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where M (p) = f @dp. Introducing a potential variable r(x, t), one obtains the
potential equations

2

re=v— fOO 1= M(p)— "7 7

The Euler system E{x, 7 ; v, 0, p} (1) also has a conservation law corresponding
to the conservation of energy:

2 2
D, (p% - [mrao - [ f(x)dx)wx (pv[”? M- [ f(x)de —0,
®)

which yields the potential equations

U2 U2
Sx =P —/M(p)dp—p/f(x)dx; 5t = —pv [— - M(p) — f(X)dX]

2
&)
The nonlocal variable

2
s, 1) =/<p%—/M(p)dp—p/f(x)dX> dx

is an “energy coordinate", analogous to the mass coordinate w and the “velocity co-
ordinate" . The three conservation laws (mass, average velocity and energy) yield
the following seven distinct nonlocally related (potential) systems of the Euler sys-
tem E{x, t; v, o, p} [12]:

e Three singlet potential systems: EW{x, t; v, o, p, w} (5),

pr + (pv)x =0,
) ) ry =v — f()r,
ER{x,t;v,0,p,r}: r= M(p) — v2/2, (10)
o = K(p).
and
o+ (pv)x =0,

53 = pv?/2 - [ M(p)dp — p f F)dsx,

ES{x,t:v,0,p,5): s,=_pv[v2/z_M(p)—/f(x>dx], (11)

ox +pf(x) = p(vr + vvy),
o = K(p).

e Three couplet potential systems:
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pr + (pv)x =0,
'y =V — f(x)tv
_ .2
ERW{x,t;v,0, 0,7, w}: ri=M(p) —v7/2, (12)
Wy = P,
Wy = —pV,
o = K(p).
pr + (pv)x =0,

5v = pv*/2— [ M(p)dp — p / F)dx,

5 = —pu [vz/z — M(p) - f f(x)dx] ,

Wx = P,

Wy = —pPV,

ox + pf(x) = p(vr + vvy),
o = K(p).

ESW{x,t;v,0,p,s, w}:

(13)
and

pr + (pv)x =0,
ry =0V — f(x)t,
re = M(p) —v?/2,

5 = pv?/2 - / M(p)dp — p / F)dx,

St = —pv [vz/z - M(p) — / f(x)dx],
ox + pf(x) = p(v; + vuy),

ERS{x,t;v,0,p,r,5}:

o= K(p).
(14)
e One triplet potential system
pr + (pv)x =0,
ry=v— f()t,

re=M(p) —v?/2,
sy = pv2/2 — | M(p)dp —p f f(x)dx,

ERSW{x,t;v,0,p,r, s, w}: 5= —pu |:v2/2 — M(p) - / f(x)dx],

Wx =P,
w; = —pv,
ox + pf(x) = p(v; + vuy),
o = K(p).
(15)
(For f(x) = -const, one can obtain additional nonlocally related PDE sys-

tems, as discussed in [7].) Hence, for arbitrary forms of the constitutive
functions K(p) and f(x), one has a tree of equivalent and nonlocally
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ERSW e 4

Fig. 1 Tree of nonlocally- E

related systems of nonlinear
elasticity. (The dotted box
corresponds to nonlocally
related systems that arise for
the case f(x) = const [7].)

related systems of nonlinear elasticity, consisting of eight PDE systems
E{x,t;v,0,p}, L{y,s;v,0,q9,x} © EW{x,t;v,0,p,w}, ER{x,t;v,0,p,r},
ES{x,t;v,0,p, s}, ERW{x,t;v,0,p,r, w}, ESW{x,t;v,0,p0,s, w},
ERS{x,t;v,0,p,r,s}, and ERSW{x,t;v,0,p,r, s, w} (Figure 1). All non-
locally related PDE systems in the tree provide equivalent descriptions of nonlinear
1D elastodynamics, and thus naturally extend the traditional Lagrangian and
Eulerian viewpoints.

4 Point and Nonlocal Symmetry Classification of the Lagrange
System EW{x, ¢; v, 0, p, w} & L{y,s; v, 0, q, x}

A symmetry of a system of PDEs is any transformation of its solution manifold
into itself (i.e., a symmetry transforms any solution to another solution of the same
system).

Lie’s algorithm is used to find one-parameter (¢) Lie groups of point transform-
ations (point symmetries)

M= fi,ue), i=1,...,n,

W =glx,u;¢), j=1,....m, (16)

that leave invariant a given system of N partial differential equations R{x; u} [1-4]
such that R°[u*]=0,p =1,...,N,ifand onlyif R°[u] =0,0 =1,..., N.

Global Lie transformation groups (16) are in one-to-one correspondence with
local transformations

0N =xl e (x,u)+ 0@, i=1,...,n,

W =ul +enf(x,u)+ 0>, j=1,...,m, a7
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where £, n/ are components of a vector field (infinitesimal generator)

d

X =g

+nl(x u)i (18)
R ouJ

tangent to the solution manifold of the given PDE system.

For a given PDE system, nonlocal symmetries called potential symmetries can
arise naturally by applying Lie’s algorithm to a related potential system. Such a
symmetry is a nonlocal symmetry when at least one component of the symmetry
generator has an essential dependence on a nonlocal variable. The complete point
symmetry classification for the potential system EW{x,¢; v, o, p, w} (5) in terms
of its constitutive and loading functions was presented in [7]. In particular, it was
found that in the cases

p—1 1 p
p+1 2p2-1°

0
P2 +1

1 1 1
K(p) == (arctan— + > or K(p)=-1In

2 P 4
for a linear body force f(x) = x, the potential system EW{x, ¢; v, o, p, w} (5)
has two point symmetries which are nonlocal symmetries of the Euler system
E{x,t;v,0, p} (1). One of these nonlocal symmetries is used in the following

section to construct a corresponding exact invariant solution of the Euler system
E{x,1;v,0, p} (D).

5 Calculation of Group Invariant Solutions Arising from the
Lagrange System EW{x, ¢; v, g, p, w} (5)

The general method for finding invariant solutions following from local symmetries
is presented in detail in [1,4]. For invariant solutions arising from nonlocal (poten-
tial) symmetries, see also [15].
Let G be a one-parameter Lie group of point symmetries of the potential system
EW({x,1; v, o, p, w} (5), with an infinitesimal generator
0

ad il il d
X=$£+t—+n”—+np—+nw—

. 19
ot v ap Jw (19)

Here &, 7, nY, n” and n* are functions of x,f, v, o, p and w. The corresponding
invariant solutions

w,p,w) = (V(x,1), R(x,1), W(x,1)) (20)

of the potential system EW{x, 7 ; v, o, p, w} satisfy

v—V(x, 1)
X-| p—R(x,t) =0 21)
w— W(x,1t)

,p,w) = (V(x,1),R(x,t),W(x,1))
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Fig. 2 Stress-strain curve
for the constitutive relation
o = K(p) given by (22). o
Here g = 1/p. q

as well as the system EW{x, ¢; v, o, p, w} (5). We now calculate specific invariant
solutions of the potential system EW{x, 7 ; v, o, p, w} (5) arising as reductions from
a point symmetry that is a potential symmetry of the Euler system E{x, ¢ ; v, o, p}
(D).

We choose the constitutive relation 0 = K (p) given by

1 1 1 p
=K = — t — ——, 22
o () 2arcanp+zpz_i_1 (22)
(see Figure 2), and a linear body force f(x) = x. In this case, the potential Euler
system EW{x, ¢; v, o, p, w} (5) has the point symmetry

Y. —e—[|:i+(v+ W)+ (5 ) — p(0? + D (x—v)i:|
AP (PP Py PGy — PP p ow |’
which is clearly a nonlocal symmetry of the Euler system E{x, 7 ; v, o, p} (1), since
its x- and v-components depend on the potential variable w.
The physical dependent variables p, v, w, o are found as functions of x and .
The velocity v(x, t) solves the implicit equation:

cw) U
AU) AZ(U))

v(x,1) =¢ ( (23)

where A(U) and C(U) are given by

2 2 (p U
AU = V@, CW) = %aU + U a—i(—;zz )—i—(iz) arctan a)’ 4

with a, 8 constants of integration, and the similarity variable given by U = e’ (x —
v(x,1)).

For every value of x and ¢, the solution v(x, ) of (23) can be found numerically.
After v(x, t) (and thus the similarity variable U) is determined, the density and the
mass coordinate are obtained from the formulas
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Fig. 3 Solution curves of T2
the implicit equation (23) -15} T4
defining the material ve- s
. -2
locity v(x,?) (@ = 2; 0 0.2 0.4 06 08 1

t=1,12,14,1.6).

VU? + a2 v(x, 1) —x
Pl t) = T ) = DT
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We seek a solution describing a nonlinear deformation of an elastic slab xp <
x < L(t), attached at x = x¢ (i.e., subject to the boundary condition v (xg, ) = 0).
We use the boundary conditions

v(x0,2) =0, p(xo,t)=R(), w(xg,t)=0. (25)

The latter boundary condition is due to the definition of the mass coordinate (po-
tential variable): w(x, t) = f;o p (s, t)ds. When substituted into equation (23), this
boundary condition yields 8 =0, xp =0.

The velocity v(x, t) following from equation (23) turns out to be a three-valued
function for 0 < x < x*(¢), where x*(¢) is a bifurcation point. Sample curves of
v(x,t) fora = 2 and times t = 1, 1.2, 1.4, 1.6 are shown in Figure 3.

From the three possible values of v(x, 7) that arise from the implicit equation
(23), only one branch is physical. Indeed, one may check that only the middle branch
(the one closest to v(x, t) = x) yields a real-valued density function [7].

It is also important to note that the geometrical velocity of the bifurcation point
v*(¢) = dx*(t)/dt is always greater than the physical velocity v(x*(t), t) at the bi-
furcation point. The expression for the total mass between x = 0 and the bifurcation
point x*(¢) (per unit area of the slab cross-section) is given by

wx*@),t) =1—ae™’, (26)

which is an increasing function of time, in agreement with the previous remark. The
invariant solutions are defined for 0 < x < x*(¢). If the initial length of the slab
L(to) is chosen (0 < L(fg) < x*(t)), then the solution is regular for all times.

The family of invariant solutions presented in this section describes the nonlinear
deviation of a trivial “homogeneous stretching" solution v(x, 1) = x, p(x,1) = e~!
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of the Euler system E{x, t; v, o, p} (1). A specific numerical example of such an
invariant solution was constructed in [7].

6 Conservation Laws of Dynamical Nonlinear Elasticity

For a PDE system R{x ; u} (3), one can consider the problem of finding local conser-
vation laws of the form (4). The fluxes ®'[u] may depend on x, u and derivatives of
u up to an arbitrary order. In practice, conservation laws are used for direct physical
interpretation, analysis, and development of efficient numerical methods.

The direct method of finding conservation laws involves considering a linear
combination of equations of a given PDE system (3) with a set of multipliers {A.},
which may depend on independent and dependent variables and their derivatives. A
linear combination yields a conservation law (4) if and only if

Ao [UIR[U] = D;®'[U] 27)

for some fluxes {®[U]} (here U denotes a vector of arbitrary functions of x). Then
the conservation law D;®'[u] = 0 holds on the solutions U = u(x) of the system
(3).

In the direct method, the determining equations that yield sets of multipliers
{As[U]} are found from the known fact: an expression is a divergence expression
if and only if it is annihilated by Euler operators with respect to all dependent vari-
ables [2,13, 14]:

Eyx (AJ[U]R”[U])=O, k=1,...,m. (28)
Here U = (U(x), ..., U™(x)) is a set of arbitrary functions, and E« is the Euler
operator with respect to U*, given by

E L bt (=)D D —
vk = —Di—r + -+ (- i+ Diy——— -
aU U] ! oU;, i)
Symbols Uik _.;. denote partial derivatives ‘)JiUk,
1l ax'l...0x"J

Equations (28) are linear determining equations for the multipliers {A,[U]}. In
practice, to perform a computation, one chooses the maximal order of derivatives
g > 0 in the dependence of multipliers A,[U]. When the multipliers are determ-
ined, one finds the corresponding set of fluxes of the conservation law (4) either by
solving (27) directly, or using integral homotopy operators [13, 14].

Note that the direct method does not require the PDE system to have a variational
formulation, and does not use any version of Noether’s theorem.

Now our goal is to construct examples of nonlocal conservation laws of the Euler
system E{x, 7; v, o, p} (1) of nonlinear elastodynamics, which arise as local con-
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servation laws of a potential system of E{x,; v, o, p}. The following important
theorem holds [16].

Theorem 1. Let S{x ; u, v} given by
SMu, vl = S*(x, u, v, du, dv, ..., % u, % v) =0, wu=1,....M (29

be a potential system of a PDE system R{x ; u} (3), where v = (v', ..., ') are
nonlocal (potential) variables. A local conservation law

A plu, v1SH[u, v] = DiW [u, v] =0 (30)

of the potential system S{x ; u, v} (29) yields a nonlocal conservation law of R{x ; u}
(3) if and only if the multipliers A, [u, v] essentially depend on the nonlocal vari-
able(s) v.

We now seek local conservation laws of the potential system EW{x, t; v, o, p, w}
(5) that yield nonlocal conservation laws of the Euler system E{x, ¢; v, o, p} (1),
i.e., conservation laws of the potential system EW{x, ¢ ; v, 0, p, w} (5) arising from
one or more of multipliers with an essential dependence on the potential variable w.
One may write

Wy _10205
EW{x,t;v,0,p, w}: u;{,/g;iovzo, 31)

px + f(x) = (v + o) =0.

For the conservation law multipliers, we use the ansatz
K=K, t,V,Row, Ve, Vo), w=1,2,3,
and require that for arbitrary functions V (x, 1), P(x,t), W(x, t), one has

Ai(x, 1, V, P, W, Vo, V)(Wy — R) 4+ Aa(x, 1, V, P, W, Vi, Vi) (W, + RV)
~ K/'(R .
+A3(x, 1, V, P, W, V,, V) ( B Ry + £ () — (Vi + va)) = D;Vi[U, V].

(32)
Then on solutions V = v, P = p, W = w of the PDE system EW{x, ¢ ; v, 0, p, w}
(5), the expression (32) becomes a conservation law.

Subsequent application of the Euler operators with respect to V, P and W to
the left-hand side of (32) yields determining equations for the multipliers IN\M,
u = 1,2,3. From the determining equations, it follows that one or more of the
multipliers essentially depend on W, and thus a nonlocal conservation law of the
Euler system E{x, 7 ; v, 0, p} (1) arises in the following cases.

1/3

Case 1: f(x) = fi = const, K(p) = (AperW +C, A, B #0.In this case, the

multipliers are given by
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3AW
A]:V—f]I—I-VX(fl——X_T)’

Ay =VZ+xV, + f t2(1 Vi) 1V +3A (V, — f1) + pr
= X —((1 - —X — E— — -
g rr i ! B TV T AP+ B
3AW
——x =) —2w.
<f1 * B)
(33)

Case2: f(x) = fox+ f1, K(p) = Ap'/>*+B, A, B, fo, fi = const. The multipliers
are given by

A= fo(V —xVy) — fiVs,
= —f3x* + fox(Vi =20 + VO + filVi — fi) + Afo P23, (34)
Az =—fo(xP +2W)— fiP

Case 3: f(x) = f1, K(P) = Ap'/3 + B. The multipliers are given by

2
t
A =—fit+V -V, <x—f15),
2
t
A= fP-h (X+IV+3Vt)+v2+xvt+AP-2/3, (35)

f2
A3=—<x—f15)P—2W.

Case 4: f(x) = fox + f1, K(p) = po/p, po = const. This case corresponds
to linear elasticity with linear loading. Here one finds that the potential system
EW{x,; v, o, p, w} (5) has an infinite number of conservation laws corresponding
to nonlocal conservation laws of the Euler equations E{x, 7 ; v, o, p}. This reflects
the fact that for linear elasticity with linear loading, the system EW{x, ¢ ; v, o, p, w}
(5) can be linearized by a point transformation [17]. Indeed, this transformation is
the interchange of dependent and independent variables that transforms the system
EW({x,1;v, 0, p, w} (5) to the Lagrange system L{y, s; v, 0, g, x} (2) (see Sec-
tion 3).

7 Conclusions

In this paper, we presented the complete set of dynamic nonlinear elasticity equa-
tions in Lagrangian and Eulerian formulations, as well as in several other equivalent
formulations. The corresponding nonlocally related systems were used for the clas-
sification of nonlocal symmetries and construction of examples of invariant solu-
tions of the Euler system E{x, ¢ ; v, o, p} (1). Moreover, we demonstrated how non-
local conservation laws can be obtained for the Euler system through consideration
of local conservation laws of its potential system.
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Future work will include flux computation, interpretation and applications of the

nonlocal conservation laws of the Euler system E{x, ¢ ; v, o, p} (1) obtained in this
paper, and also the study of conservation laws of two-dimensional models of non-
linear elasticity.
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Configurational Forces in the Theory of
Two-Phase Plates

Victor A. Eremeyev and Holm Altenbach

Abstract Within the framework of the direct approach to the theory of plates the
configurational forces are introduced taking into account the transverse shear stiff-
ness. Their applications to plates made of non-homogeneous materials such as lam-
inates, functionally graded materials, two-phase materials, etc., are discussed. The
basic items of the applied theory of plates are related to the formulation of all bal-
ances for a deformable directed surface and to the specification of the constitutive
equations. The variational principle of the total energy is established for plates as-
suming the presence of a variable surface singular curve. The surface singular curve
separates the parts of the plate with different material properties. The continuity
conditions at the singular curve are obtained. The energy-momentum tensor is con-
structed. Equilibrium and quasistatic motion of the surface singular curve are invest-
igated on the base of the proposed kinetic equation. As an example of application of
configurational forces we present the model of the deformation of a plate made of a
material undergoing phase transitions (e.g., a shape memory alloy).

1 Introduction

The concept of the configurational force is useful in continuum mechanics as was
shown in [13,18,20,26,29] among others. Configuration forces arise from the con-
sideration of motion of defects in the continuous medium. Generally, the nature of
defects may be different. Here we consider a defect as a singular curve which sep-
arates the parts of a plate consisting of different phases that means, we consider the
equilibrium of plates made of materials undergoing phase transitions.
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The phase transitions (PT) of martensitic type are very important in the mech-
anics of materials. In particular, PT are responsible for the shape memory effect in
some materials, see, e.g., [8,23]. Mechanics of solids with PT has been developed
in a number of papers and books, see for instance [1,7,8,16-18,23,24].

The growing interest to understanding of the behavior of such two-dimensional
structures as thin films, plates and shells made of shape memory alloys and other ma-
terials undergoing PT is based on the perspective applications of these structures for
design of microelectromechanical systems (MEMS). The mechanics of martensititic
thin films was discussed, for example, in [8,9, 19]. Let us note that experiments on
shape memory alloys are usually performed with thin-walled samples, for example
rectangular plates [8, 12,27].

Within the dynamically and kinematically exact theory of shells presented in
[11,25], the equilibrium conditions as well as the continuity conditions for quasi-
static deformations of elastic thin-walled structures (plates and shells) undergoing
PT of the martensitic type were formulated in [14, 15,28]. By analogy to the three-
dimensional case, in the two-dimensional theory of shells a singular surface curve
was taken as the phase boundary in the shell. For the two-phase shells the Eshelby’s
(energy-momentum) tensor was introduced in [14]. From the point of view of con-
figurational mechanics this tensor represents the configurational (or driving) force
acting on the phase interface. Thus, the tensor is responsible for its motion. The
configurational forces were investigated considering the theory of elastic beams
in [20-22] while for the elastic plates in [10,20], respectively.

Following [14, 28] we obtain here the equilibrium conditions at the phase inter-
face applying the 5-parametric theory of plates presented in [4-6]. The two-phase
plate is considered as some material surface consisting of two material phases di-
vided by a sufficiently smooth surface curve. Below the following items are dis-
cussed. Considering [4-6,30,31] in Section 2 we recall the governing equations of
the linear theory of plates based on the direct approach. Here we also introduce both
the static and the kinematic compatibility conditions at the curvilinear phase bound-
ary. In Section 3 we formulate the variational principle of stationarity of the total
energy functional taking into account the variable surface singular curve. From the
variational principle we deduce the additional thermodynamic equilibrium continu-
ity condition satisfied at the phase interface curve. This condition is written using the
energy-momentum tensor . In Section 4 we assume the kinetic equation describing
the motion of the phase interface curve during the quasistatic deformation processes
of the two-phase plate. As an example the tension of a two-phase rectangular plate
is briefly discussed in Section 5.

2 Basic Equations of the Direct Theory of Plates

Let us assume the geometrically and physically linear plate theory based on the so-
called direct approach. In this case one states a two-dimensional deformable surface.
On each part of this deformable surface forces and moments are acting — they are
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Fig. 1 Two-phase plate

the primary variables. The next step is the introduction of the deformation measures.
Finally, it is necessary to interlink the forces and the moments with the deformation
variables (constitutive equations). Such a plate theory is formulated by a more nat-
ural way in comparison with the other approaches because it is so strong and so
exact as the three-dimensional continuum mechanics. But the identification of the
stiffness and other parameters is a non-trivial problem and must be realized for each
class of plates individually.
In the considered theory of plates we make two basic assumptions:

Assumption 1:  The plate (homogeneous or inhomogeneous in transverse direc-
tion) can be represented by a deformable surface M (Figure 1).

Assumption 2:  Each material point is an infinitesimal rigid body with 5 degrees
of freedom (3 translations and 2 rotations).

In addition, the theory presented here is limited by small displacements and rotations
and the quadratic strain energy density assumptions.
The equilibrium equations and the kinematic equations are given by the relations
[4-6,30,31]
V- T+q=0, V-M+Tx +m=0, (1)

1
e:E[Vv+(Vv)T], y=Vw+c-9. k=Vo. 2

Here T, M are the tensors of forces and moments, ¢, m are the surface load vectors
(forces and moments), T is the vector invariant of the force tensor, V is the nabla
operator,v=u-a, w = u- N, u, ¢ are the vectors of displacements and rotations,
and (.. .)T denotes transposed. a is the first metric tensor, n is the unit normal vector,
¢ = —a x n is the discriminant tensor, €, y and « are the tensor of in-plane strains,
the vector of transverse shear strains and the tensor of the out-of-plane strains, re-
spectively. In the case of an orthotropic material behavior and a plane mid-surface
we assume the following strain energy and constitutive equations

1 1 1
W(e,y, k) = §e~-A~-e +€--B-k + EK"C"K + Ey -y 3)
+ No--& + Mg"kf + Qo-y + Wy,

ow aw A4
N=T.-a=—, Q=T-n=—, M =—_—.
Jde ay oK
A, B, C are 4th rank tensors, I is a 2nd rank tensor expressing the effective stiffness
properties. They depend on the material properties and the cross-section geometry

“
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and given by the relations [31]

A = Apjaja) + App(ajaz + axay) + Axparay + Assasag,
B = Bjzajaz + Bsajas + Bozaras + Bygazas + Byasay,
C = Cparay + C3zazas + Cis(azag + agaz) + Cyqagay,
= ai + Hao,

&)

where a;] = a = eje; + exep, ap = eje; —€xep, a3 = C = e1e; — e8], ag =
ejex + ezeq, and eq, e are unit basis vectors of an orthonormal coordinate system.
In addition, one obtains the orthogonality condition for the a; (i =1, 2, 3,4)

1
2iaj = 0ij,

where -- is the double inner (dot) product. Ng, My are the tensors of the initial in-
plane forces and moments, Qy, is the vector of the initial shear forces, while W is
the initial value of the strain energy.

The identification of the effective stiffness tensors A, B, C and I" should be per-
formed on the base of the properties of the real material. Let us assume the Hooke’s
law with material properties which depend on the normal coordinate z. The identi-
fication of the effective properties can be performed with the help of static boundary
value problems (two-dimensional, three-dimensional) and the comparison of the
forces and moments (in the sense of averaged stresses or stress resultants). Finally,
we get the following expressions for the classical stiffness tensor components [2—4]

1/E1+ Ex+2E vy
(A11; —B13; C33) = —< (15 z; z2)>,
4 1 — v
1 [E1+ E; —2E 12 5
(A22; Bog; Cas) = —< 1;z:291,
4 1 —vipv2 (6)
1/ E1—E> 2
(A12; =Bz = Biy; —C34) = - ( ———z(1; z; 29) ),
4\1 —vipva
(A44; —Baz; C22) = (G12(1; z; 22)),

where (.. .) is the integral over the plate thickness &, while E1, E», v12, V21, G12 are

the elastic moduli of the orthotropic bulk material. In addition, two non-classical

stiffness are obtained

A4sCop — B? 1 A44Cy — B2

=B D= ) /2
Aga

3 An (N

1
rn=-62+n%

2
Here % and A? are the smallest non-zero eigen-values of Sturm-Liouville problems

d dz ’ d dz 2 dz
—\Gin— |+ GC12Z2=0, —|Goy— | +21°G12Z2=0, — =0.
dz dz dz dz z 2l=h/2

The boundary conditions are given by
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v.-T=f v-M=1 (1-n=0) along 4y, ®)

and
0

u=u, (p:q)o along 4. ®
Here f and 1 are external force and couple vectors acting along the part Sy of the
boundary of the plate § = 87 U 4§, = 9d.M, while u® and (po are given functions
describing the displacements and rotation of the plate boundary 4, respectively. v
is the unit normal vector to 4 (v - n = 0). The relations (8) and (9) are the static
and kinematic boundary conditions, respectively. Other mixed types of boundary
conditions are possible. For example, the simple support boundary conditions cor-
responding to a hinge are given by

v-M-t=0, u=0, ¢-7=0.

Here 7 is the unit tangent vectorto § (- n= 1t - v = 0).

Let us consider the two-phase plate consisting of a material undergoing the phase
transformations. In this case the plate is modeled by the surface M = M4 U Mp,
where M4 p are surfaces consisting of phases A and B, respectively. The phase
interface is a smooth curve € separating the surfaces M4 p (Figure 1).

The curvilinear phase interfaces in plates can be either coherent or incoherent in
rotations, see [14]. For the coherent interface both fields u and ¢ are supposed to be
continuous at C

[ul =0, [l =0, (10)

where double square brackets denote a jump of discontinuity across C: [(...)] =
(..)p—(.)a.

The phase interface is called incoherent in rotations if only u is continuous at
C but the continuity of ¢ may be violated. In this case the condition (10); is still
satisfied, but (10)2 may be violated.

3 Variation Principle of Total Energy

Following [14] we obtain the phase equilibrium conditions along the phase interface
curve C using the variational principle

SE=0, E= Wada + Wgda — A, (11)
Ma Mp

where E is the functional of the total energy, W4 p are the strain energies corres-
ponding to the phases A, B, and A®*! is the functional of external loads. We assume
that § A®** is given by the relation

SAeth/ (q-Su+m-8p)da+ | (F-Su+1-8¢)ds, (12)
M\C 8
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where du and J¢ are variations of u and ¢, respectively. Let us note that u and §¢
satisfy the kinematic relations

ju=0, J¢p =0 along 4,, (13)

as well as the continuity conditions along C. For the coherent interface the continu-
ity conditions are

[sull + VI[v-Vul =0, [8¢l+ Vv Vel = 0. (14)

where V is the virtual velocity of C, see [14], while for the phase interfaces inco-
herent in rotations the continuity conditions reduce to the relation (14);.
The variation of E is given by

SE = / W da — f VW] ds — §A%, (15)
M\C e
where
ow T OW ow T
W=— 56 +—-6y+— -0k
o€ ay oK

Using Eqs (13), (14) from Eq. (11); one obtains the equilibrium equations (1), the
static boundary conditions (8) as well as the following general continuity condition
to be satisfied at the interface C:

/{V[[W]]+[[v~T-8u]]+[[v-M-8(p]]} ds = 0. (16)
C

The balance equation on the phase interface C following from Eq. (16) consist of
both the static balance equations and the so-called thermodynamical balance equa-
tion which is necessary for the determination of C. For the coherent interface the
static balance equations are

v-[T1=0, v-[M]=0, )
while the thermodynamical balance equation is given by
v-[[ucl-v=0. (18)

For the phase interface incoherent in rotations from the variational principle we
obtain the following continuity conditions along C:

v-[TI=0, v-Myp=0, v-[uil-v=0
Here

pc=Wa—-N- (V)T —QVw —M' - (Ve)T, ur=wa—-N- (Vv —QVuw.
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e and p are the Eshelby’s tensors (the energy-momentum tensors) for the coherent
interface and the incoherent one in the two-phase plate, respectively. The condition
v-[u]l-v = 0 should be satisfied, where u = pc for the coherent phase interface and
1 = pp for the incoherent in rotations one. From the point of view of configurational
mechanics the quantity v - [x] - v represents the configurational (or driving) force
acting on C and responsible for its motion for non-equilibrium deformations.

4 Kinetic Equation

Let us consider quasistatic deformation process, where the equilibrium conditions
(1), (8) and (17) are satisfied while the v - [s]] - v = 0 is not. For the quasi-static
process we obtain the formula

dE
——=—/VFm,F=v{MqL (19)
dr I

Here F is the configurational force acting on the phase boundary, while V is the
velocity of C. By analogy to three-dimensional case [1] Eq. (19) leads to the kinetic
equation describing the propagation of C

V =k(F)

with a non-negative definite kinetic function . In the theory of elasticity the kinetic

equations of the type (19) were discussed in a number of papers and monographs,

see for example [1,7, 8, 17, 18, 24]. The equation (19) can also be regarded as a

constitutive relation consistent with the thermodynamic requirement dE/dr < 0.
Following [1], let us assume k(¢) in the form

K(F — Fy), F > Fo,
k(F)= 10, _Fy<F < F, (20)
K(F + Fo), F < —Fp.

Here Fj describes effects associated with the nucleation of the new phase and action
of the surface tension, see [1], and K is a positive kinetic factor. If Fp = O then the
function (20) reduces to the linear kinetic function k(F) = K F.

5 Tension of Two-Phase Rectangular Plate

As an example let us consider tension of an isotropic rectangular plate undergo-
ing PT. The forces p uniformly distributed at the left and right plate boundaries
are applied (Figure 2). We assume that in the undeformed state the plate con-
sist of the phase B. Under such loading there is an plane deformation state with
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X34
< 3 Z
4—2 My
Fig. 2 Tension of a two-phase 4’:’ Mg X2 % p

rectangular plate X144

u = uji; + uziz, ¢ = 0, where iy, i, ip are the Cartesian base vectors. Accord-
ing to the assumption of the plane deformation, we search for the phase interface
C in the form of the line, which position on M is given by the equation x; = £(t),
0 <4(t) < L.Hence, V =d{(t)/dt.

For the one-phase plate there is the following solution

Uy = %xl -+ const,
where E and s are the Young’s modulus and the plate thickness respectively. In
the two-phase plate such solution is possible only when v4 = vp = 0, where vy
and vp are the Poisson ratios for the bulk material. For the sake of simplicity we
follow [15] and assume that v4 = vp = 0. In this case the problem reduces to an
one-dimensional problem which is similar to the considered one in [1] or [15].

For Fp = 0, the equilibrium deformation process is described by the path
O ABC, Figure 3(a). The segment AB describes two-pase state of the plate cor-
responding the force p*. If we take into account the kinetic equation then in the
process of loading the plate deforms according to the path O AB’C while for the
unloading the plate deforms according to the path CBA’O. The size of the hyster-
esis loop AB’A’ depends on K and the loading/unloading velocity. When K — oo
the hysteresis loop reduces to the segment AB.

When Fy # 0, the plate deforms according to the path O A4 B+ C while for
unloading we have the path CB_A_O, Figure 3(b). The size of hysteresis loop
becomes larger with the growing value of Fy. Here growing values of K also lead
to decreasing area of the hysteresis loop. For K — oo the limiting paths reduce to

’ ¢ p ’ C
// B // B+
’ A+ P
* / - >
A Boo
— — B _____
> Ao -
’ 7 B_
/ - -
A //, A7 ///
R e e e
0 o 0 5

Fig.3 p — e curves: a) Fp = 0,b) Fy # 0.
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two different respective segments A Bso and B_ Aoo. Such limit case describes the
so-called rate-independent phase transitions [1,23].

Let us note that in the general case v4 # vp the deformation of the two-pase
plate is described by two-dimensional problem. In this case some boundary-layer
type solutions may appeared.

6 Conclusion

Here we introduced the configurational forces for the plate undergoing phase trans-
formations. These expressions may be also used in the global analysis of a plate
with a singular curves of another nature. For example, these approach may be used
for modeling of delamination process in a sandwich plate, crack propagation, etc.
Indeed, we postulate here the kinetic equation describing the quasistatic motion of
singular curve on the base of the consideration of the total energy rate. For example,
if one consider a sandwich plate consisting of two parts, delaminated part and un-
damaged one, then one can introduce a singular curve which separates these parts.
Using the concept of the configurational force one may assume the kinetic equation
describing the propagation of the delamination curve in the plate.
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On Configurational Formulations in the
Director Theory of Rods

Hans Irschik

Abstract It is shown how the configurational laws of balance and jump for the di-
rector theory of rods can be derived as consequences of the fundamental rod laws
of balance of linear, director and angular momentum, and of energy. The configura-
tional relations so derived are independent from constitutive relations.

1 Introduction

Recently, a material momentum balance law (a relation of balance of pseudomo-
mentum) and a corresponding configurational jump condition have been presented
by O’Reilly [1] in the framework of a director theory of elastic rods. The config-
urational formulations presented in [1] have been applied by Majidi [2], who has
discussed adhering of an elastic rod to a flat rigid surface, the rod being composed
of a non-contacting and contacting portion, where singular supply and production
terms have to be taken into account at the cross-section between the two rod por-
tions. A non-conventional aspect of this problem consists in finding an additional
relation for computing the place of the interface. In particular, Majidi [2] has shown
that applying the configurational jump condition presented by O’Reilly [1] to the
singular cross-section is equivalent to alternative solution methods, see [2]. Not only
that the practical applicability of the configurational formulations given in [1] has
become evident from the study given in [2], further theoretical advantages have been
pointed out by O’Reilly [1]. However, a believe has been expressed in [1] that the
configurational relation of jump for the elastic director theory of rods would repre-
sent an extra law. In the present paper, we demonstrate that both, the configurational
laws of balance and jump for rods can be derived as consequences of the rod laws
of local balance and jump of linear, director and angular momentum, and of total

Hans Irschik
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energy, simply by performing straight-forward mathematical manipulations. Thus,
the configurational formulations have a role similar to the derived relations of lo-
cal balance and jump of moment of momentum, kinetic energy and free energy. In
showing this, a systematic strategy developed and discussed by the present author in
[3] for three-dimensional problems of continuum mechanics is applied and extended
to the director theory of rods. We particularly show how the configurational local
rod laws of balance and jump can be derived without reference to elastic constitutive
relations, which should be of interest in case of inelastic rod problems, and which
extends the relations presented by O’Reilly in [1]. Last not least, we point out that
that assigning a constitutive relation to the singular supply of material momentum at
a singular cross-section is equivalent to assign constitutive relations to the singular
supply of total energy.

2 Fundamental Relations of Balance and Jump

The present contribution is based on the Green and Naghdi director theory of rods,
see [1] for a recent presentation. The local forms of the equations of balance of
linear momentum, director momentum, angular momentum and total energy for this
theory read:

J=pof +1, M

J=po 1% — k% + m®, 2
H=rxpof+dyxpol®+(xn+dyxm, G)
E=i-pof+de pol®+F n+dy-m*). @

The material time derivative of some entity g is indicated by a superimposed dot:
=2 &.0 &)
§= 5,860

A prime stands for the spatial derivative with respect to the coordinate &£ of the
(possibly curved) rod axis in the undeformed reference configuration

=9
8 = 8. (©)

Linear momentum, director momentum, angular momentum and total energy are

J = po i+ poy™ dy, (7
J = po Y% 7 + poy®® dg, (8)
H=rxJ+d, xJ%, 9)

E=py+T. (10)
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The reference mass density is pg, the position vector of a point of the rod axis in the
deformed configuration is denoted by r, and d,, « = 1, 2, are the direction vectors,
which span the rod cross-sections in the deformed configuration. Cross-sectional
moments are denoted by y°* and y®#, respectively, where

P =yhe. (1)

Summation upon properly repeated indices is understood. The theory under consid-
eration is considered as a purely mechanical one, v in Equation (10) thus being the
free energy per unit mass. The kinetic energy 7 is given by

2T =7 -J +dy - J%. (12)

In Equations (1-4), f is the external force per unit mass, and /* are the external
director forces per unit mass. These supplies are given in advance. The so-called
influx terms, which appear as spatial derivatives in Equations (1-4), are associated
with the axial contact force n, and with the contact director forces m®. For the
latter forces, constitutive relations are needed in order to close the problem. When a
singular cross-section is present within the rod, across which some of the balanced
entities do suffer jumps, the following relations of jump are to be stisfied:

[J1y = —lnll - F, (13)

71y = —m*1 — L%, (14)
[HIy = —[r x n+dy x m*] — M, (15)
[ENy = —[F -n+dy -m*] — @ . (16)

In Equations (13-16), the singular supplies of linear momentum, director momen-
tum, angular momentum and total energy are denoted as F, LY, M and ®, respec-
tively. The jump of some entity g, say, is indicated by

[sl=g"-g . (17)
The corresponding mean value across the singular cross-section follows from
2g)=¢"+g. (18)
The general decomposition
g ohll = (g) o [R]l + gl o (h) 19)

is used frequently in the sequel. In addition to Equations (13) and (14), the following
conditions of compatibility are required to hold across a singular cross-section:

[r1 =0, (20)

[dall =0, ey
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v, =it +rty =i 47y, (22)
Vo =df +dy =d; +d 7, (23)
such that
"1y = -1, (24)
[d, 1y = —lde]. (25)

The coordinate of the place of the singular cross-section in the reference configu-
ration is denoted by y, and v, is the velocity of the singular cross-section in the
deformed configuration, with an analogous meaning of v,,. The above relations
of jump do indicate, which of the entities under consideration are supposed to suf-
fer jumps across a singular cross-section. We subsequently assume that mass and
cross-sectional moments are continuous along the rod.

3 Classical Derived Relations of Balance and Jump

The local relations of balance of linear momentum, director momentum, angular
momentum and total energy, Equations (1-4), are considered as fundamental rela-
tions, since no terms do appear, which are formed by the product of an entity which
may suffer a jump and the derivative of an entity that also may suffer a jump at
the same singular cross-section. We thus talk about integrable local relations in the
following. Indeed, the fundamental relations of balance are the consequence of cor-
responding integral statements over some part of the reference configuration, which
are assumed to hold also when a singular cross-section is present within that part,
which requires integrability. The fundamental jump relations, Equations (13-16),
are then obtained by what nowadays is called a pill-box procedure, namely by let-
ting the considered part of the reference configuration shrink down to the singular
cross-section, see [4]. One also may state that any one of the above four fundamental
balance equations does include new physically meaningful entities, or at least some
new information.

The above fundamental relations of balance and jump however may be mathe-
matically manipulated in order to obtain derived forms. Particularly, noting that

FxJ4dy xJ¥=0, (26)

see Equations (7) and (8), we can derive the relation of balance of moment of mo-
mentum as a consequence of proper vectorial multiplications of the relations of
linear and director momentum balance, Equations (1) and (2):

H=rxpo f4dyx(pol®—k*)—r xn—d, xm*+ @ xn+dy xm®. (27)

Note that in the present theory the notions of angular momentum and moment of
momentum do coincide. Subtracting Equation (27) from Equation (3), we obtain
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dy X k* +7" xn+d, xm* =0, (28)

which can be used to replace the relation of balance of angular momentum, Equa-
tion (3), see [1, equation (16.3)]. Hence, the intrinsic director forces k* in Equa-
tion (2) are related to the influxes for n and m*. Analogously, crossing Equa-
tions (13) and (14) by r and d,, respectively, and using Equations (19-21), yields
the following relation of jump of moment of momentum

[HIy = —r x [n]l —dy x [m*] —r x F —dy x LY, (29)
such that that the relation of jump of angular momentum, Equation (15), proves that
rx F+4+dyxL¥—M=0. (30)

This can be used to replace the original relation of jump of angular momentum,
Equations (15), see [1, equation (18.3)].

We also may operate on the relations of balance and jump of linear and director
momentum by scalar multiplications. Particularly, noting that

Fodddy-JY =7 J+dy-J% (31
we obtain the relation of balance of kinetic energy, see Equations (7), (8) and (12):
T=¢-pof+dy -pol® —dy k% =7 -n—d, -m*+F n+dy-m*, (32)

which is a consequence of proper scalar multiplications of the relations of linear and
director momentum, Equations (1) and (2). Substituting into the relation of balance
of total energy, Equation (4), gives the relation of balance of free energy, see also
[1, equation (16.4)]:

oW =dy k% —F-n' —dy -m* + (G -n+dy-m®). (33)

In our present derivation, the relations of balance of kinetic and free energy, Equa-
tions (32) and (33), have been derived from the relations of balance of linear and
director momentum and total energy, Equations (1), (2) and (4). In contrast to the
latter three relations, however, Equations (32) and (33) cannot be considered as be-
ing fundamental, in the sense of representing integrable relations. Nevertheless, cor-
responding jump conditions can be derived from the relations of balance of linear
momentum by a scalar multiplication with the mean values and (7) and (da). From
the definitions in Equations (7) and (8), and using (12) and (19), we find that

[T1=(J) - [F1+ (J*) - [do] = () - [I ] + (de) - [T (34)

Multiplication by y and substituting Equations (13) and (14) results in the relation
of jump of kinetic energy

[T1y = =) - (el + F) — (da) - (Im*1 + L*) (35)
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from which Equations (10, 16) and (19) yield the jump relation of internal energy
as
leoWly = —[F1 - (n) — ldall - (m*) + (7) - F + (da) - L* — @ (36)

4 Derivation of the Configurational Formulations of Balance and
Jump

Based partially on the works of Maugin [5], Gurtin [6] and their coworkers on ma-
terial and configurational forces in mechanics, an additional balance law denoted as
balance of material momentum has been presented by O’Reilly [1]. It is the scope
of the present section to demonstrate that this relation of balance of material mo-
mentum and the corresponding jump relation can be derived as a consequence of
the fundamental local relations of balance and jump, and thus have a role similar
to the above derived relations of moment of momentum, kinetic energy and free
energy. For corresponding derivation for three-dimensional problems of continuum
mechanics, see [3]. We again perform scalar multiplications of the linear and di-
rector momentum, this time however involving the spatial derivatives r’ and d,.
We start with definition of the material momentum for director rods that has been
introduced in [1, equation (20)]:

P=—r.J—d,  J° (37)

In the present contribution, the latter is understood as an entitity the balance of which
can be derived by a mathematical manipulation of linear and director momentum,
Equations (7) and (8). From the latter, and from the definition of the kinetic energy,
Equation (12), we have

FoT4d, T =F 0 +dy I =T (38)
We thus may write
P=—r'-J—dy-J* =T+ (po¥) = (po¥) . (39)

where we have performed an identical expansion by means of the term (ooW)’.
Substituting Equations (1) and (2), we eventually obtain an equation of balance
material momentum of the form

P=b+C. (40)
In (40), the so-called material force b turns out to be
b=—r"-po f—d,-pol*+r" -n+d, -k*+d, -m*— (po¥)" (41

and the so-called material contact force, an influx term, becomes
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C=pV—-T-r"-n—d, -m*. 42)

The material contact force is identical to the one stated in [1, equation (19)]. Sev-
eral remarks seem to be in order. First, while the balance of material momentum,
Equation (40), was introduced by O’Reilly [1] as an additional law of balance, our
derivation shows that it represents a consequence of mathematical manipulations of
the fundamental laws of balance of linear and director momentum, Equations (1)
and (2), and of an identical expansion by the term (opvr)’. Second, Equation (40)
cannot be considered as a fundamental statement of balance, since, due to b in Equa-
tion (41), it cannot be considered as integrable without further considerations. The
integral form of Equation (40), which was introduced in [1, equation (21)], and
which involves a spatial integral of b, thus must be considered as doubtful in gen-
eral. Third, the above formulation of balance of material momentum is independent
from constitutive modeling. However, when one uses the special constitutive rela-
tions introduced in [1, equation (17)], then Equation (41) can be specialized to

ow
agexpl '

b=—r"-po f—dy-pol®—po (43)

the index “expl” indicting the explicit dependence of the free energy on the place &,
see [1, equation (25)]. This special form somewhat hides the above addressed ques-
tion of integrability. Likewise to the jump relations of kinetic energy and free energy,
see Equations (36) and (37), a jump relation of material momentum can be however
derived from the jump relations of linear and director momentum, Equations (13)
and (14), without involving constitutive modeling as follows. From Equations (24,
25) and (34), we find that

[T =171 (J) 4+ [deD - () = = (XD (1) + [de - (T9)) v - (44)

Hence, using Equation (19) in connection with Equation (37) and performing an
identical expansion with the jump of ppy, one obtains

[Py = =) - 11y — (dg) - 1INy + ITT + Lpo¥] — [ooW].  (45)
We thus may set
[Ply = —ICI - B. (46)

From the material contact force, Equation (42), and using the jump relations of lin-
ear and director momentum, Equations (13) and (14), the singular supply of material
momentum becomes

B = —lpoWl = (') - F + "1~ (n) — (dg) - L* + [d T - (m*). (47

which coincides with [1, equation (32.1)]. Multiplying with y and substituting the
relation of jump of free energy, Equation (36), as well as Equations (22-24) and
(25), we arrive at the relation
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By =®—v, - F—v,,- L%, (48)

which is in coincidence with [1, equation (34)], and which can be checked by sub-
tracting equation (31.1) from equation (31.2) of the latter reference. In case of F = 0
and L% = 0 this reduces to

By = ®, (49)

which clearly demonstrates that, when one assigns a constitutive relation to the sin-
gular supply of material momentum B in order to obtain an additional equation for
determining the place of the singular-cross section y, this is equivalent to assign
constitutive relations to the singular supply of total energy ®.
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Macroscopic Elasticity of Nanoporous Silicon:
Bulk and Surface Effects

H. Magoariec and A. Danescu

Abstract Nanoporous silicon is an elastic material for which the length scale of the
pores renders inappropriate the use of the tools from continuum homogenization
theories to obtain overall mechanical behavior. To encompass this difficulty we pro-
pose a model based on discrete interactions at the microscale and we use discrete ho-
mogenization to compute the bulk macroscopic material response for various sizes
and shapes of pores. When pore sizes are only several nm, the specific surface of
porous silicon is very important and surface effects, like oxidation in dry environ-
ment, have a significant impact on the macroscopic bulk properties. We extend the
proposed model to include also structural changes that model oxidation near the sur-
face. We discuss the size effect due to the presence of bulk and surface energy and
compare our theoretical predictions with the available experimental data.

1 Introduction

Porous silicon is obtained by electrochemical etching of crystalline silicon wafers
in a solution of ethanolic hydrofluoric acid. The size of pores created is controlled
by tuning the electrochemical parameters, i.e. the modulation of the current density.
Using this process one can obtain porosities up to 95% and nanopores up to several
nm of diameter over a thickness of a few microns. As a consequence porous silicon
possess a very large specific surface, which may attain orders of 100-1000 m?/g.
Among the various applications of porous silicon we cite: fabrication of chemical
sensors (for detection of toxins, volatile organic compounds, explosives, DNA and
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proteins) and its potential role as a hydrogen reservoir. This work is a part of a larger
project whose goal is the study of the role of nanoporous silicon as an active part
of a deformable substrate for molecular beam epitaxy. To this aim, we intend to use
the deformation induced by oxidation of the nanopore surface in order to stretch a
crystalline silicon film and use it as a substrate with tunable lattice parameters [3].

2 Elasticity of Nanoporous Silicon: Bulk Effects

In a fundamental paper dedicated to the structure and energy of covalent systems
[13], Tersoff note that the models able to predict macroscopic properties from in-
teratomic interactions fall in two groups: the group of pair potentials like Lennard-
Jones [7] and Morse [9] and those intended to accurately describe the small dis-
torsions (phonons and elastic interactions) from the ground state. More elaborate
models for interatomic interactions are actually available (Stillinger—Weber [12],
Tersoff [ 13]) but they are constructed to cover a wide range of bonding geometry and
coordination. As we are interested here in the elastic properties of porous silicon, we
shall use the simplest model in the second group, i.e., the Keating model [5]. This is
the simplest model that goes beyond pair interactions and account for near-neighbor
(NN) and next-to-near-neighbor (NNN) interactions.

2.1 Keating Model for Bulk Silicon

Widely used in semiconductors technology, crystalline silicon has a diamond-like
structure, which is a non-primitive lattice with lattice parameter a = 5.43 A. The
Keating model [5] assumes that in the harmonic regime near a ground state, the total
elastic energy of a covalent system can be decomposed as

W=ijk+ Z Wik, (D
(k) (kD)

where the NN and NNN interaction energies are expressed as

A , .12
wie =3 [t — )y n¥] )

and

wjk1=g[(uk—uj)wlj—i-(ul—uj)~nkj]2. 3)

For bulk crystalline silicon the macroscopic energy can be explicitly computed as

W(E) = r?j}n W(Ex + @), 4)
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Fig. 1 The crystal structure of \

Si and the unit rhombohedron
cell containing one atom in
each lattice.

where minimisation is needed to account for internal displacement since diamond-
like structure is a non-primitive lattice.! The macroscopic stress can therefore be
expressed as

1 9w

szﬁ &)

and using as unit cell ¥ a rhombohedron containing one atom in each lattice (see
Figure 1) and periodic boundary conditions we obtain, using Voigt notation,

A+ 12B A—4B 4AB
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This result (Keating [5]) shows that if the previous assumptions hold then the
three macroscopic elasticites of bulk silicon are not independent and they obey the
nonlinear relation

2C44(C11 + C12) = (C11 — C12)(Ci1 + 3C12). (7
This is verified remarkably well since the values
A=145-10N/A B =1.03-10"°N/A (8)

provide the macroscopic constants C1; = 166 GPa, C12 = 64 GPa and C4q4 = 79
GPa, in very good agreement (within 1%) with the experimental data.
2.2 Extension to Porous Silicon

We shall investigate the modeling of the macroscopic elastic response of porous
silicon using the Keating model. Under suitable assumptions about the uniformity

! This procedure is the simplest discrete version of what is commonly called today periodic homo-
genization theory.
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of shapes and sizes of pores, and accounting only for microscopic NN and NNN
interactions in a sufficiently large representative volume element, we shall show
that the use of (4) and (5) will still provide the macroscopic stress-strain relation.
However, in this case, several important remarks are needed:

1. Excepting some special cases, explicit relations like (6) are not available. From
a numerical perspective, minimization in (4) still leads to a linear problem since
the Keating energy is a quadratic form with respect to displacements.

2. For pores of significant size the computation using discrete homogenization be-
comes inappropriate but, in these situations, one can switch to continuum models.

3. In general, the cubic symmetry of the bulk crystalline silicon is lost and the sym-
metry properties of the porous silicon will depend strongly on the shape and size
of the pores.

In order to verify the validity of the extension of the Keating model for porous
silicon we have explored different porosities using homogeneous imposed macro-
scopic strains and periodic boundary conditions. We start with the crystal structure
on a large domain Y which represents N3 copies of a unit cell and fix a simple
geometry of the pore, compatible with the cubic symmetry and inter-connectivity
between the pores.” If we denote by L = N - 5.43 A the lateral size of the reference
volume Y, a typical choice for the pore volume is

Po=CYUCTUCY )]
where CY denotes the volume in the cylinder
CY ={(x,y,z) € Y suchthat|y — L/2| <«aL/2and |z — L/2| <aL/2} (10)

for 0 < o < 1. The geometry of the pore described in (9) is illustrated in Figure 2
and two other possible geometries leading respectively to cubic and transversely
isotropic elastic behavior are shown in Figure 3.

In the continuum case this choice will lead to a porosity given by

pla) =1—3a>+2a°, (11)

but the actual discrete setting will cover only a finite number of values for .

In spite of the numerical complexity which increases rapidly with N, as already
noted, for small porosity and large N the continuum theory can provide accurate
results.

We have performed the numerical implementation of the above procedure for
arbitrary geometries and arbitrary size of pores. The particular geometry described

2 The inter-connectivity restriction, which is a well-founded physical assumption cannot be sat-
isfied in a two-dimensional situation. The cubic symmetry of the pore was chosen for simplicity,
since otherwise, the mechanical interpretation of the obtained result and its comparison with avail-
able experimental data become more intricate. The indirect methods used in experiments provide
only partial information about the Young modulus in the crystallographic direction [100] at some
fixed porosities.
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Fig. 2 A unit cell containing a pore whose geometry is described in (9).
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Fig. 3 A unit cell leading to cubic macroscopic behavior (a) and a second unit cell (b) leading to

transversely isotropic macroscopic response.

allows the computation of elastic

5

in (9), which leads to cubic macroscopic response

constants Cj1,

C12 and Cy4. The Young modulus in the crystallographic direction

[100] is therefore defined as

=C11(1 -=2R)(1+R)/(1 — R) where R

El100]

The comparison of the numerical results and the experimental data obtained using

Brillouin spectroscopy and acoustic measure-

s

nano-indentation
ments is presented in Figure 4. We conclude that, using discrete homogenization,

]

X-ray diffraction
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Fig. 4 Young modulus in the crystallographic direction [100] obtained using discrete homogeniz-
ation and the Keating model and available experimental data from [1].

the extension to porous silicon of the Keating model is able to predict accurately the
elastic macroscopic behavior.

A particular feature of porous silicon is its extremely high specific area induced
by the presence of nanopores. At this scale there is a complex interplay between
bulk and surface elastic energy, which in turn induce a size effect.

3 Oxidation of Porous Silicon: Bulk and Surface Effects

In this section we extend the previous results to account for the macroscopic effects
of the nanopores free-surface oxidation in porous silicon.

3.1 Experimental Evidence

From the macroscopic point of view, the oxidation of porous silicon has a two-
fold effect: firstly, it induces microscopic morphological changes which change the
reference for a part of the structure. Secondly, oxidation induces a shift of the mac-
roscopic response, i.e., the Young modulus. The second effect is less important since
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the porous silicon has already a weak Young modulus. The first effect is more im-
portant since it provides a way to stretch the bulk structure acting only on the nan-
opores surface. The more accurate, indirect observation of the first effect can be
measured using Raman spectroscopy [4, 6, 10]. The shift of a Raman peak is com-
monly interpreted [2] as a strong physical evidence of an increase of the lattice
par ameter .3

Experimental results in [8, 10] show that in dry or wet environment the main
characteristic feature in the oxidation of porous silicon is the back-bond oxidation
of the Si-H surface bonds. This results in either splitting of the bond and creation of
SiH and SiOH or creation of Si-O-Si [14]. Both processes induce strain at the free-
surface of the nanopores. Due to the singificant number of nanopores, this induced
strain will modify the macroscopic response of the material.

3.2 Surface Effects

As known in continuum mechanics, accounting for surface and bulk effects leads to
a size effect. In this case it is important to account properly for as much as possible
realistic features of the oxidation process at the appropriate scale from the available
experimental data. Experiments reported in [11] were conducted on nanoporous sil-
icon at 55% porosity. At fixed geometry proposed in (9), the porosity fixes o = 0.47
and accounting for the order of magnitude of the specific surface of the nanoporous
material which is larger than 100 m?/g, one can deduce” the magnitude of L which
is about 10 nm.

The equilibrium distance of a Si-Si bond in crystalline silicon equals 2.35 A.
Available data for silica, which is an amorphous material, show that the equilibrium
distance between silicon and oxygen atoms in Si-O-Si structures is 1.61 A and the
minimum Si-O-Si bond angle is about 100°. This means that, during the back-bond
oxidation the equilibrium distance of the Si-Si bond needs to be strained by, at least,
10%. In order to adjust the previous discrete model to account for the modification
of structural changes at the free-surface of the nanopores we have modified physical
characteristics of all Si-Si bonds which contain at least one Si at the surface to
include:

1. a different reference distance induced by surface oxidation;

2. a different rigidity A’ which is two times lower than that of crystalline silicon.
This is a simple pertinent choice since crystalline silicon is about two times stiffer
that the amorphous silica.

Thus, for NN interactions for which at least one Si atom is situated on the nanopore
surface we modify the expression in (2) to

3 Raman spectroscopy provides an average lattice parameter, at a length scale much larger than
that of the pore.

4 The mass density of crystalline silicon is 2.329 g/cm3.
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/!
wiK = A?[(uk —ul). ki — 1], (13)

There are two reasons for which the NNN interaction energy was not modified
in this part of our study. The first one concerns the significant computational com-
plexity needed to account for both the amorphous structure induced by back-bond
oxidation, for instance using a combined random network at the surface of the nan-
opores, and a crystalline model in the bulk. The second reason rests on the con-
struction of the Keating model, where the NNN interactions are considered only as
a second order term and confirmed by the numerical values of A and B in (8).

We shall show in the following that, under the previous assumptions, the nu-
merical results obtained using discrete homogenization lead to estimations for the
strain induced by surface oxidation of the nanopores in good agreement with the
experimental results.

3.3 Numerical Results and Size Effects

The introduction of a different reference for surface NN interactions, and the use of
(4) and (5) lead to a macroscopic law in the form ¥ = C[E + E(] where both the
elasticities C and the pre-strain E( will depend on the values of A, B, A’, Iy, the
size and the geometry of the pore. For simplicity, we have considered here the same
geometry as in the previous section, choice which leads to a pre-strain which is a
uniform extension, i.e. E = gol as a consequence of the symmetry of the nanopore.
An illustration of a 6nm structure containing a pore is provided in Figure 5 where
for convenience all Si-Si bonds starting from one Si at the surface were shown in
gray.

It is obvious that at fixed geometry, when the size of the unit cell is very large,
the surface oxidation process do not affect the macroscopic behavior of the bulk.
This is due to the fact that the ratio between the number of interactions modified by
surface oxidation and that of interactions not affected by surface oxidation tends to
0.

We have explicitly compute the macroscopic elasticity tensor C and the pre-strain
o, for a wide range of values of L and «. The resulting values of the pre-strain
are represented in Figure 6. We note that at fixed porosity, depending on the pore
size, the pre-strain induced by surface oxidation varies with an order of magnitude.
This is the effect of the interplay between the bulk and surface energy which has a
significant impact on the final result only for nanoporous materials. The porosity of
interest for the actual application is about 55%, in which case for a cell with L >~ 10
nm the computed value of the pre-strain is 1.5%. This value is in good agreement
with the experimental results [11] based on Raman spectroscopy. For nanopores
with sizes of about 10 nm the surface oxidation has a very small impact on the
pre-strain for porosities less than 50%, and a drastic increase is observed above this
value.



Macroscopic Elasticity of Nanoporous Silicon: Bulk and Surface Effects 147

Fig. 5 A 6 nm structure containing a pore; for convenience, the NN interactions starting from one
Si at the pore surface are represented in gray.

Prestrain (%)

Fig. 6 Variation of the computed pre-strain &¢ as a function of porosity for different sizes of the
unit cell.
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Internal Variables and Generalized Continuum
Theories

Arkadi Berezovski, Jiiri Engelbrecht and Gérard A. Maugin

Abstract The canonical thermomechanics on the material manifold is enriched by
the introduction of dual weakly non-local internal variables and extra entropy fluxes.
In addition to the dissipative reaction-diffusion equation for a single internal vari-
able of state, a hyperbolic evolution equation for the internal degree of freedom can
be also recovered in the non-dissipative case. It is demonstrated that the Mindlin mi-
cromorphic theory can be represented in terms of dual internal variables in a natural
way in the framework of the canonical thermomechanics.

1 Motivation

The description of any phenomenon depends on how many details we take into ac-
count. Any description can be improved, e.g., by the transition to finer space and
time scales. Though such a transition may be desirable for the understanding of a
process at microscopic or quantum level, it is hardly acceptable from the practical
point of view. Fortunately, there exists a possibility to include the influence of mi-
crostructural effects into the description of a phenomenon without changing of space
and time scales. This is the introduction of internal variables.

The use of internal variables in the description of the behavior of materials with
microstructure has a long tradition [1-11], and nowadays it is practically commonly
accepted. However, there are two clearly distinctive types of internal variables: in-
ternal degrees of freedom and internal variables of state [5, 12]. By definition, in-
ternal variables of state must have no inertia, and they produce no external work.
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The internal variables of state are not governed by a field equation, i.e., by their own
balance law; the power expended by internal variables will be only of the dissipated
type. From another side, internal degrees of freedom are endowed with both inertia
and flux, where the latter is not necessarily purely dissipative (on the contrary, it
could be purely non-dissipative) [5, 12].

Starting the modeling of dynamics of a microstructured material, we do not know
definitely a priori what kind of internal variables is more suitable in the particular
case. It is useful therefore to have a procedure which formalizes the choice. The
main idea of such a formalization can be illustrated on the simple example of linear
elasticity in one dimension.

One-dimensional elastodynamics is described by a Lagrangian density £ that
depends on displacement u(x, ¢) and its first derivatives, which we denote by u;,
for the time derivative and by u, for the spatial derivative. This leads to the Euler—
Lagrange equation of motion,

3 (3L +a oL aac_o "
ar \ du, dx \ duy du

In the linear case, the Lagrangian density has the form

1 2 2
LG, up) = 5 (o = Eu) @)
and we obtain the second-order wave equation for the single field variable u

Pu 0%
w2 = ®)

where ¢ = /E/po, E is the Young’s modulus, and py is the density.
Introducing velocity and strain by

V=uy, €= Uy, “4)

we can represent the wave equation as the system of two first-order equations for
the two field variables

e )
at ax’

Poa—v = Ea—g (6)
ot 0x

The two variables, v and ¢, are dual ones in the sense that the evolution of one of
them is governed by another and vice versa. Just the same underlying idea is used
for the introduction of dual internal variables, thermodynamics of which is given
in [13].

In what follows, we will introduce two internal variables (which may have dis-
tinct tensorial nature) in the material formulation of thermomechanics and analyze
the conditions that are necessary to classify the internal variables as internal degrees
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of freedom or internal variables of state. As an example, the micromorphic elasticity
theory is presented as a particular case of the obtained formalization.

2 Canonical Thermomechanics on the Material Manifold

First, we need to recall certain basic definitions. A motion of a body is considered as
a time-parametrized sequence of mappings x between the reference configuration
and the actual configuration: x = x (X, ¢), where ¢ is time, X represents the position
of a material point in the reference configuration, and x is its position in the actual
configuration. The deformation gradient is defined by

dx
F=—=| =Vgy. 7
X |, RX @)
If the constitutive relation for free energy has the form W = W(F, ..., X, 1), then

the first Piola—Kirchhoff stress tensor T is defined by
oW
T=—. 8
oF (8)

The local balance laws for sufficiently smooth fields at any regular material point
X in the body read (cf. [14]):

9
1 <o, )
ot |x

9
PV iy eT = £y, (10)
ot |x

I(K +E

KL e (Tv-Q =to-v. (11

ot X

where pp is the mass density in the reference configuration, v = 9y /dt|x is the
physical velocity, f is a body force per unit reference volume, K = pov>/2 is
the kinetic energy, E is the internal energy per unit reference volume, Q is the
material heat flux, d/dt = 9/9t|x or a superimposed dot denotes the material time
derivative.

The second law of thermodynamics is written as

% +VR-S=0, S=(Q/0)+K, (12)
X

where S is the entropy density per unit reference volume, 6 is the absolute temper-
ature, S is the entropy flux, and the “extra entropy flux” K vanishes in most cases,
but this is not a basic requirement.

The canonical form of the energy conservation has the form [12, 15]



152 A. Berezovski et al.

(S0 : : . AW
3(59) +Ve-Q=r", P"=T:F—- —| , (13)
a |y or |

where the right-hand side of Eq. (13); is formally an internal heat source.
Then the second law can be represented in the form

S6+S-Vgh < h™ + Vg - (0K). (14)

Correspondingly, the canonical (material) momentum conservation equation is ob-

tained as [12, 15]
oP

o — Divgh = " 4 fext 4 ginh (15)

X

where the material momentum P, the material Eshelby stress b, the material inhomo-
geneity force ™, the material external (or body) force £, and the material internal
force ™ are defined by

P:=—pv-F, b=—(LIz+T-F), L=K-W, (16)
. oL aL 1 oW
foh .= 2| = = = <—v2) Veroo — —| (17)
0X expl 0X fixed fields 2 X expl
U= —fo-F, £"=T:(VgF)" — VxW| (18)

impl *

Here the subscript notations expl and impl mean, respectively, the material gradient
keeping the fields fixed (and thus extracting the explicit dependence on X), and
taking the material gradient only through the fields present in the function.

3 Dual Internal Variables

Our goal is to show how the dual internal variables can be introduced in canonical
thermomechanics. The corresponding theory with a single internal variable was re-
cently presented in [12, 15]. The generalization of the internal variable theory to the
case of two internal variables is straightforward. Let us consider the free energy W
as a function of two internal variables, e and 8, each of which is a second-order
tensor

W =W(E,0,ua, Vra, B, V). (19)

In this case, the equations of state are given by

oW oW oW oW
T="_, S=-"" A=—"", Ap=———""_ (20)
oF 90 do o

oW 3. oW
g’ T VRS’

B:=
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We include into consideration the non-zero extra entropy flux according to the case
of the single internal variable [12, 15]

K=-0"A:a-0"'8:8. (22)

The canonical equations of momentum and energy keep their form

% — Divgh = " 4 0 % + Vg -Q =AM 4 jin, (23)
with the modified Eshelby stress tensor
b=—(L1g +T-F— s : (Vrza)! — B : (VzB)7), (24)
and intrinsic source terms
e A Vea + B : VB, H™W:=A:a+B:8. (25)

In the above equations the following definitions are used

~ SW oW ) oW .
A=-"— _[ZX _pivg = A — Divgp s, (26)
da do d(Vea)
B W oW Di ow B — Divg B (27)
=——:=—|— —Divg———— | =B — Divg B,
58 0B K (VrB) ¥
$=6071Q, Q=Q-A:a-8:8, (28)
" = svgo, n'" =56, (29)

which are similar to those in the case of the single internal variable [12, 15].
The corresponding dissipation inequality

® = H" _§VgO > 0, (30)
is reduced in the isothermal case to
= A a+B:B>0. 3D

The introduction of the second internal variable results in a more general form of
evolution equations for the internal variables & and § than in the case of a single in-
ternal variable [12,15]. In accordance with (31) these evolution equations are chosen

. t;( . Lll L12 01:
()-1G) o G)-(=)E) @

where components L!!, ... L?? of the linear operator L are dependent on state
variables. Representing the linear operator L as the sum of symmetric and skew-
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symmetric components L = (L +L7)/2 4+ (L — L7)/2, i.e.

: L]l L12 L21 2 JI
<Z> = ((L21 FL2)2 ( Jizz % ) (ﬁ) + (33)

0 (L2 — 122\ (A
lazr-yp o 3)

we can see that the symmetry of the linear operator L, which is equivalent to the
Onsagerian reciprocity relations L'? = L?!, leads to the elimination of the antisym-
metric part of the linear operator L. However, we have no reasons to assume the
symmetry of the linear operator L in the case of arbitrary internal variables.

To provide the satisfaction of the dissipation inequality

A= A+ B:B=A: L' A+L2-B)+B : L A+L2.B) >0, (34)
we may require that
A (L2 .8)=-8: @1 4. (35)

If A - 87 is symmetric, the latter relation is reduced to the Casimir reciprocity
relations
L'? = L. (36)

On account of the relation (35), we arrive at the decomposition of evolution equa-
tions into dissipative and non-dissipative parts

; L'l 0\ (A 0 L2\ (A
(5)=(5 ) (3)+ (e %) (3) @

and the dissipation inequality is reduced to
A — A LA+ B MR B) = (A A LN+ (B-BT) L2 > 0. (38)

As it is seen, the form of evolution equations is determined by components of the
linear operator L. To analyze the possible forms of the evolution equations, we con-
sider two limiting cases, corresponding to pure symmetric and pure skew-symmetric
linear operator L.

The most remarkable feature of the considered approach is its applicability to
nondissipative processes. It is clear that in the skew-symmetric case (L!! = L?? =
0) the dissipation pintr vanishes, while evolution equations for the two internal vari-
ables are fully coupled

a=L"2%.8 Bg=-L"2% A4 (39)

In this case, the evolution of one internal variable is driven by another one that
means the duality between the internal variables.



Internal Variables and Generalized Continuum Theories 155

To be more specific, let us consider a simple case with 8 = 0. In this case, the
free energy function W is independent of Vgf, and the kinetic relations (39) are
reduced to

a=L"7%.B, B=-L"7?. 4. (40)

Assuming further a quadratic dependence of the free energy function with respect
to the internal variable 8

= —38—: = -8 (41)
we reduce Eq. (40); to

a=-L".8, (42)
while Eq. (40), is not changed

B=-L"7. 4. (43)

Substituting Eq. (42) into Eq. (43), we obtain a hyperbolic evolution equation for
the internal variable o: ~
&=(L" LY. A (44)

This means that the introduced internal variable & now is practically an internal
degree of freedom, and the structure of Egs. (42), (43) and (44) is similar to that in
the case of elasticity.

If, vice versa, L1! # 0, L2 # 0, while L!Z = 0, we return to the classical
situation, where internal variables are fully independent:

a=L"- 4 B=L2. 3. (45)

Therefore, the classical internal variable theory implicitly includes the Onsagerian
reciprocity relations. In the fully dissipative case we are dealing with true internal
variables of state.

4 Example: Micromorphic Linear Elasticity

In the framework of the Mindlin micromorphic theory [16], each material point is
endowed with three translational degrees of freedom u; and a full microdeformation
tensor v;; with nine independent components. Three strain tensors are deduced: the
classical strain tensor &;;

1
&ij = E(aiu,-+8jui), (46)
the relative deformation tensor y;;

vij = 0iuj — ¥ij, 47
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and the microdeformation gradient s defined by
Hijk = 0iVjk. (48)

The free energy density W is supposed to be a homogeneous, quadratic function of
42 variables ¢&;;, y;j, »jk [16]

— 1 1 1
W = Ecijkl&‘ijf?kl + Ebijklyij Ykl + Eaijklmn%ijk%lmn +

+dijkimYij #kim + fijkim #Gijk€im + &ijkiYijki- (49)

As it was emphasized, only 903 of the 1764 coefficients in the former equation
are independent. In the case of centrosymmetric, isotropic materials the number of
independent coefficients is greatly reduced [16]

— 1 1 1
W= Sheiiejj + neijeij + 5 bryivij + 5bavijvij +

1
+§b3)/ij7/ji + g1vii€jj + &2 (Vij + Vji) &ij +
1 1
‘a1 ik + ar i + S ik %) jk + 2 @44ijj ¥ikk + (50)
1 1
+assjj ik + 5 I8%iji #kjk + 5 @107 jk ¥ijik +an ik #jki +
1 1 1
+§a13%ijk%ikj + 5 A14%ijk 7 ik + 5 5% jk #i -

The corresponding stress tensors are the following ones [16]:
Cauchy stress

oW
0ij = 5~ =0ji = Abijexk + 2meij + &18ijvik + & (vij +vji), (51
ij
relative stress
oW
T = I = g10ijerk + 2828ij + b18ijvik + bayij + b3viji, (52)
ij
and double stress .
A (53)
MHijk = a%ijk .

The equations of motion in terms of stresses have the form (no body force) [16]
piij = 3; (o1 + 1) , (54)

1 .
P i = Oipuije + Tip + P, (55)
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where p 'd2. i is a microinertia tensor, ® j; is a volume double force.

In order to apply the internal variable theory, we need to represent the constitutive
relations in the Mindlin theory in terms of distortion d;u; and microdeformation
tensor ;. Accordingly, the stresses are represented as

. oW
O'ij = B(Tu]) = )\.(Sijakuk + M(aluj + 3,14,) +
+ 818ij (ur — Vir) + g2 (diuj — Vij + djui — ¥ji) +
+ D16 (Okur — Yik) + b2(0iuj — i) + b3 (0ju; — ¥ji), (56)
, W
T = = —818ijOkur — g2(diuj + dju;) —
0ij
— b18ij Ok — Yir) — ba(Bjuj — Vij) — b3(dju; — V¥rji). (57)

The double stress remains unchanged. At last, equations of motion take on the form
pii = 7, (58)
’d2 Vik = 0 pijk — Tjy + Pk (59)

Now we consider the microdeformation tensor v;; as an internal variable o and
apply the formalism developed in Section 3. The microdeformation gradient »; &
plays the role of the gradient of the internal variable o, and we introduce a dual
internal variable § in the same way as in Section 3.

In the non-dissipative case, the evolution equation for the internal variable & can
be symbolically written as

_ 12 yl12y 7 _ 12 712y | _@ . BW
@=(@L2. L% 4=@wL"?.LY? ( o +D1v—a(w)>. (60)

In terms of components of the microdeformation tensor ;; the latter evolution
equation obtains the form

-1 . oW oW
L12 . L12 o= = Di = 0: i — / . 61
( )fi Vi AV ik b A(VYjk) ik Tk ©D

As one can see, the evolution equation for the microdeformation is practically the
same as in the Mindlin theory. The volume double force ®;; can appear if we
consider a more general case than the pure nondissipative one.
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5 Conclusions

The internal variables theory is extended to cover both internal variables of state
and internal degrees of freedom by the generalization of its formal structure ex-
ploiting the possible coupling between the dual internal variables. The canonical
thermomechanics provides the best framework for this generalization. It should be
emphasized, however, that any new balance laws has not been introduced; only the
Clausius—Duhem inequality was exploited for the derivation of evolution equations
for internal variables.
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Stratified Energies: Ground States with Cracks

M. Giaquinta, P.M. Mariano, G. Modica and D. Mucci

Abstract Elastic bodies admitting cracks are analyzed. Separated pairs of displace-
ment fields and cracks are found as minimizers of the energy in large strain setting.
The crack patterns are constructed in terms of varifolds. The discontinuity set of
the displacement field is contained in the cracks and may or may not coincide with
them.

1 Introduction

By following Griffith’s pioneering suggestions, a variational view on the analysis of
cracks in simple bodies has been proposed in [3] (see also [1]). Minimality of the
energy at every time among all virtual crack-displacement pairs at that time is re-
quired. An energy conservation statement throughout the time evolution is imposed.
The difficulty of managing crack geometries in finding minimizers has suggested
the convenient simplification of identifying cracks with the jump sets of displace-
ment fields (see results in [2,3]). However, appropriate function spaces contain fields
with discontinuity sets with closure of positive Lebesgue measure. Theorems allow-
ing the selection of fields with physically significant discontinuity sets — that are
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sets that can be appropriate candidates for describing reasonable crack patterns —
seem to be not available at least up to now. A new view has been presented in [5].
Separated pairs of displacement fields and cracks are found as minimizers of the
energy in simple bodies undergoing large strain. A way for managing the geometry
of crack patterns is constructed in terms of special measures, namely varifolds. The
discontinuity set of the displacement field is contained in the cracks and may or
may not coincide with them. The description of “closed” cracks is also included in
this way. Moreover, an essential point is that no crack is prescribed to exist a priori:
its possible existence is eventually obtained by the minimization of the energy of
the body. A energetic threshold for the formation of a crack arises naturally. Exist-
ence theorems are obtained for a non-standard energy functional including a surface
energy which depend on the curvature of the possible crack and on the measure
localizing it over the body. The present paper anticipates without proof some of the
results collected in [5].

2 Curvature Varifolds with Boundary

Some preliminary notions are necessary to the ensuing developments.

Let B be an open, bounded subset of R”, n > 2, with Lipschitz boundary. For
a positive integer k, | < k < n, the Grassmann manifold of k-planes through
the origin in R” is indicated by i, and is also identified with the set of pro-
jectors IT : R" — R”" onto k-planes, characterized by M2 = I, Im* = I,
Rank IT = k, a set which is a compact subset of R” ® R”. Consider also the trivial
bundle G (B) := B x Gk, with natural projection 7 : G4 (B) — B. A k-varifold
on B is a nonnegative Radon measure V over G (8B), namely V € M(Gk(B)).
The weight measure of V is the Radon measure wy := w3V where my is the nat-
ural projection of measures associated with the projection 7, and the mass of V is
M(V) := V(§k(B)) = uv (B).

Denote by #* the k-dimensional Hausdorff measure in R”. If b is a F¢*-
measurable, countably k-rectifiable subset of B and 6 € Ll(b, Fk ), for 6 H*Lb
a.e. x € B there exists the approximate tangent k-space 7y b to b at x. Define

Vo6 (@) 2=/ @(x, IT) d Vg (x, IT) 2=/9(X)<P(x,H(X))dJ€k(X) (L
§k(B) b

for any ¢ € C?(g,k(ia’)), where IT(x) is the orthogonal projection of R” onto T b.
Definition 1. V is called a curvature k-varifold with boundary if

1. V = Vp ¢ is the integer rectifiable k-varifold associated with (b, 0 , Jfk),
2. there exist a function A € L!(gx(8), R™ @ R" @ R™), A = (A/j.’), and a vector
Radon measure 0V € M (G (8B), R") such that

/ (MIDyg + A' Do + Alg)dV (x, ) = —/ eddV(x, )
9(B) 94(8)
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for every ¢ € C°(Gx(B)).

Moreover, for p > 1 the subclass of curvature k-varifolds with boundary such that
A € LP(Gx(8B)) is indicated by CVkp(JB).

The function x — A(x, I[1(x)) € R™ @ R" ® R™* is called the curvature of the
varifold V. The vector measure 0V is called the varifold boundary measure.

The following results proven in [7, 8] collect the geometrical properties of
curvature k-varifolds with boundary.

Theorem 1. Let V = Vy, g be a k-varifold with boundary 9V and curvature A, with
A% e L' (94(B)).

1. The following symmetry properties hold:
A=Al al=0, Al=mpal Al vV —ae.

2. HZA?’ = Af.i V-a.e. in such a way that, by setting H' (x) := Aljj (x, I1(x)), one
gets l'[f’Hh = 0 V-a.e.; in particular, if I1 = T1(x) is the orthogonal projection
over Ty b, then

H(x, I1(x)) L T,b ny —a.e.

3. The projection map x — I1(x) is puy-a.e approximately differentiable and
(VOII; (0) = A% (x, TL(x)

for wy-a.e. x.

4. The support of |0V | is contained in the support of V and |0V | L V.

5. 0V is tangential to b in the sense that (H;)#BJ'V = 3'V as measures on Gk (B).

6. V is a varifold with locally bounded first variation and generalized mean
curvature in the sense of Allard with generalized mean curvature vector H(x) =
H (x, I1(x)) and generalized boundary 3oV .

Theorem 2 (Rectifiability of the boundary). Let V be a curvature k-varifold with
boundary 3V and k > 1. There exists a J*~'-countably rectifiable set € and a
function o € LY(C, #*) such that w4|dV | = o H*~! L C. Moreover, one has

/w(x, M(x))ddV (x, TT) =/

c

(/ @(x, IT) de(“)) dH 1 (x)
Gk.n

for every ¢ € C°($x(B)), where for K ge x € C the vector valued measure
Ty on Gk n has the structure

ix
rx=2mfaf8ix, )
i=l1

where i, € N, 8[,?‘ is the Dirac delta supported by a k-plane p; of the Grass-
manian Gk ,; moreover, the alf‘ ’s are positive integers and the mf 'S are unit vec-
tors in R". In addition p} contains the tangent (k — 1)-space T;C to C at x and
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p; = Span HTx@, my ] In the special case of one-dimensional curvature varifold
V with boundary, the formula (2) reduces to

Jx
Ty = ZO[jljSpj
j=1

where §p; is the Dirac delta function supported by a straight line Pj in §1,,, t; is
a unit vector that orients Pj and o a positive integer. As a consequence, for the
boundary of a curvature 1-varifold one gets

AV (x, P) =8, (x) x T, (P),

i=1

Theorem 3 (Compactness [8]). For 1 < p < oo, let {V"} C CVkp({B) be a
sequence of curvature k-varifolds V) = Vb, .6, With boundary. The corresponding

curvatures and boundaries are indicated by A" = {A” )f-i} and 3V "), respectively.
Assume that for every open set Q2 CC B there exists a constant ¢ = c(2) > 0 such
that for every r

by (@) + 19V (G4(Q) + / AV GV < o(9).
Gk (2)

There exists a subsequence (V) of{V(r)} and a curvature k-varifold V. = Vy g €
CVkp({B), with curvature A and boundary 0V, such that

v~y AW v~ Agy,  gv©e) —~ 3y,

in the sense of measures. Moreover, for any convex and Ls.c. function f : R™ &
R" @ R™ — [0, +00], one gets

§—>00

§(B) Gk (B)

3 Transplacement Fields and Bulk Energy

Only Cauchy bodies are called upon in the analyses presented here. They are bodies
for which the morphology of each material element is described only by the place
in space occupied by its centre of mass. In other words, a body is identified with
a region B of the Euclidean ambient space R> that it occupies in a macroscopic
reference configuration, taken as reference place. B is considered here as an open
set with Lipshitz boundary. Other configurations are reached by means of trans-
placements that are usually taken as orientation preserving differentiable bijections
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u : 8 — R3 mapping B in the current configuration u (B), a set that is presumed
to be always open and endowed with Lipshitz boundary.

The body occupying B is said to be an hyperelastic simple body when it is en-
dowed by a bulk energy which is absolutely continuous with respect to the volume
measure and depends on the deformation gradient only. Ground states of such a type
of body are described by minimizers of the overall energy. Such minimizers can be
determined in terms of Cartesian currents [6] that are described briefly below.

3.1 Sobolev Maps and Related Cartesian Currents

Let I (k, n) be the space of multi-indices in (1, ..., n) of length k. Denote also by
0 the empty multi-index of length 0. For any «, the complementary multi-index to
a in (1,...,n) is indicated by a, @ € I(n — k,n), and o («, @) is the sign of the
permutation from (1, ..., n) into (@1, ..., o, a1, ..., 0y—k). For (e1, e, ..., ep)
and (€1, €2, ..., €) bases in R” and RY, respectively, A, (R" x RY) is the vector
space of skew-symmetric tensors over R” x RY of the form

min(r,N)
E= ) tPenegg= Y En, En= ), Eleane.
la|+|Bl=r max(0,r—n) \ocll—gl\ﬂ\k:r

For any linear map G : R” — R, the notation M(G) is used for the simple n-
vector in A, (R” x RV) tangent to the graph of G and defined by

M(G) == Ap(Id x G)(er A -+ Aen) = (e1, GeD)) A - A (en, Gep)).

Foru : 8 — R an a.e. approximately differentiable map, denote by Du its
approximate gradient. # has a Lusin representative on the subset 88 of Lebesgue
points of both u and Du, and |8 \ B| = 0. Let #(x) and Dii(x) be the Lebesgue
values of u and Du at x € B, respectively. Assume that |[M(Du)| € LY(B). By
following [6], the graph of u, defined by

g, = {(x,y) eBxRV|xeB, y= ﬁ(x)},
is a n-rectifiable subset of 8 x RN with approximate tangent vector n-space at
(x, (x)) generated by the vectors (e1, Dii(x)e}), ..., (e,, Dii(x)e,)) in R" x RV,

The n-current integration over the graph of u is defined by the linear functional on
smooth n-forms w = w(x, y) with compact support in 8 x R given by

Gu(w)zf <w,&> dH"L Gu, 3)



164 M. Giaquinta et al.

where £(x) = ‘%—Eg}g—;;l, forx e ﬁ, is the unit n-vector that orients the approx-
imate tangent n-space to 4, at (x, u(x)); moreover, G, has finite mass M(G,,) :=

SUP) ||| <1 G, (w) < o0, since
M(G,) = /£ |M(Du(x))| dx = H" (Gu).

In particular, G, is a vector valued measure on 8 x R¥, actually an integer rectifi-
able n-current with multiplicity 1 on 8 x R¥. The boundary of the current G, can
be defined by duality as the (n — 1)-current acting on compactly supported smooth
(n — 1)-forms w in B x RY, namely 9G, (») := G,(dw), w € D" 1 (B x RV),
where dw is the differential of w.

3.2 The Bulk Energy

By taking apart for a while the description of the possible cracks, it is assumed that
the external body forces have conservative nature so that the bulk energy of the body
has the usual form

Eg(u) :=/ e(x,u, Du)dx
B

where e(-) is the sum of the elastic energy and the potential of external forces. It is
assumed that e = e(x, u, F) satisfies common assumptions listed below:

(H1l) e : B x R" x M,Txn — [0, +o0] is continuous, where M
real (n x n)-matrices F such that det ' > 0.

(H2) The map F +— e(x, u, F) is polyconvex, i.e. there exists a function

+

L «n 18 the class of

Pe(x,u,&) : B x R" x A, (R" x R”) — [0, +0c0]

continuous in (x, u) for every &, convex and lower semicontinuous in & for
every (x, u), such that

e(x,u, F) = Pe(x,u, M(F)) VF e M, ., ¥(x,u)e B x R,
(H3) e = e(x, u, F) satisfies the growth conditions

e(x,u, F) > c4 IM(F)|? VF e M} Y(x,u) € B x R,

nxn?
for some ¢4 > Oand g > 1. A
(H4) For every x € B8 and F € M, if for some u € R” the inequality

e(x,u, F) < 400 is satisfied, then det F > 0.

The assumptions (H1) and (H4) are essentially suggested by physical plausibility.
The hypothesis (H2) is an essence an assumption of material stability while the
growth condition (H3) has more technical nature.
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4 A Skeletal Model Admitting Formation of Cracks

The aim now is to describe the possible presence of cracks. The setting is selected
two-dimensional for the sake of simplicity. The generalization to 3D and extensions
are in [5]. Cracks are here represented here by 1-dimensional curvature varifolds
with curvature in L?, p > 1, which are quite regular. Basically V € CVIP (B) can
be essentially described as (the integration over) a locally finite union of C1.1=1/7
curves counted with integer multiplicities. Their boundaries are just Dirac measures
concentrated at the endpoints with their tangential directions.

Definition 2. A macroscopic configuration of a body B C R? with a crack is a pair
composed by the bounded connected open set 8 with Lipschitz boundary and a
curvature 1-varifold with boundary, namely V = V9 € C le (8B) for some p > 1.

The gross place occupied by the body and the crack are treated as distinct objects.
The crack is not part of the initial boundary: it is selected by a measure over B,
namely a curvature varifold, and may or may not be an empty set in the reference
place. Since the material bonds across the crack margins are broken, along the de-
formation, the cracks faces may loose contact. The obvious implication is that the
graph of the deformation may have nonzero boundary. An appropriate class of ad-
missible deformations has to be defined.

Weak diffeomorphisms have been found to be natural descriptors of deformations
of standard elastic bodies [6]. They are orientation-preserving, allow frictionless
contact of parts of the boundary while still prevent self-penetration of the matter.
However, they satisfy a condition of zero boundary in the sense of currents, a con-
dition avoiding the formation of ‘holes’ of various nature. To allow fractures, an
extended version of them has to be formulated.

Definition 3. Let 8 C R2 be a body with crack V € C le (B). A weak diffeo-
morphism on B admitting cracks described by V' is an a.e. approximately differen-
tiable map u : 8 — R? such that

1. |Du|, det Du € L' (B);

2. m4|10Gy,| < wy, where uy = w4V,

3. det Du(x) > Oforae. x € B;

4. for every compactly supported smooth function f : B x R2 - [0, +00)

/ f(x,u(x)) det Du(x) dx §/A sup f(x,y)dy.
B R2? xeB

In this case, one writes u € dif 1'1(58, V, RZ). Moreover, for g > 1 the class
dif 1 (8, vV, R?) is defined by

dif (B, V, R?) = {u e dit (8, v, R?) ‘ \M(Du)| € Lq(ﬂ)}.

Condition (ii) implies that the Green formulas hold true in 8B outside the crack and
prescribes that the boundary current has finite mass, namely M(dG,) < co.
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Theorem 4. Ler {V"} C Cle(ia’), with p > 1, be a sequence of curvature
varifolds describing cracks in the body B, with equibounded total variations, i.e.
sup, uyx (B) < oo. Moreover, assume u, € difl’l(JB, v, R2). Suppose also
that there exist u € L'(B8,R?), v € L' (B, An(R? x R?)), and V € CV}(B)
such that u, — u, M(Du,) — v weakly in LY and V, =~V as measures. Then
v = M (Du) and, moreover, ifdet Du > 0 a.e., u € dif L 1(B, V, R?).

4.1 The Energy Functional

Bulk and crack contributions to the energy are involved as usual. The crack in this
skeletal model is one dimensional. The part of the energy associated with the crack
is then splitted in two contributions: (i) the energy along the margins, which depend
on the curvature of the margins themselves and is represented by the curvature of a
varifold and (ii) the energy at the tips, the corners and the junctions of the fracture,
that are represented by the boundary of the same varifold.

The energy & (u, V') reads

Ew,V):=6w,V,B)

:/ e(x,u,Du)dx—i—cl/ |A1?dV + c;M(V) 4+ c3sM(9V) @)
8

$1(8)

where the ¢;’s are positive constants and the hypotheses (H1) (H2), (H3) and (H4)
of Section 3 on the bulk energy density e = e(x, u, F') are satisfied.
With regard to crack energy term, the p-norm |A|? of the curvature can be re-
placed by ¢ (|A|) where ¢ : RT™ — R™ is a convex function satisfying ¢ (t) > cs t”.
The term coM(V) is the Griffith-like part of the surface energy of the crack.

4.2 Ground States: Existence Theorems

It may be convenient to prescribe a comparison varifold Vec le (8B) such that all
competing varifolds V satisfy the bound p ¢y < wy. The comparison varifold V can
be of course zero when an initial crack is absent. In the opposite case, V describes
a crack from which the competing cracks may extend without excluding that they
may have portions unrelated with V.

The space

A 7(B) = [(u, V) ‘ VeV (B), uedif’ (8, V,R?),

q.p.K,

lullpeos) < K, puy < Mv},
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with K > 0, is then the natural functional environment for investigating the exist-
ence of minimizers (u, V) for the energy &.

Theorem 5. Consider 8 C R?, g, p > 1, K > 0, Ve Cle(JB). Assume that
there exists an element (u, V) € A a.p, K,V(£) that satisfies the prescribed Dirich-
let boundary conditions. Then the energy functional (4) attains its minimum in the
subclass of Aq p k7 (B) of couples (u, V) where u satisfies the prescribed bound-
ary conditions.

The constant K is selected at will for purposes of physical plausibility: it is only
necessary for establishing the boundedness of the L norm of u. In contrast, the
constants p and g and the comparison varifold V have constitutive nature. The a-
priori L* bound on the transplacement field has been relaxed in [2,4] in a different
setting, not dealing with the path followed here.

The simpler description of the boundary measure of the one dimensional
curvature varifolds allows one to state another existence theorem with a different
growth condition for the bulk energy.

Consider the energy functional (4) where the bulk energy density e(x, u, F') satis-
fies (H1), (H2), (H4) of Section 3 and impose a different growth condition indicated
here by

(H3-1)
e(x,u, F) > cs| F>  VFeM] ,, V(x,u)eB xR

for some ¢4 > 0. _
ForK >0andV € Cle(JB) the class

Ay g =@ V|V eCV (@), p> 1 uedi' (B V.1, Due (D),

lullpedy < K, uy < MV},
%)

is then the natural functional setting for another existence result.

Theorem 6. Assume that the bulk energy density of (4) satisfies (H1), (H2), (H4)
of Section 3 and (H3-1). Suppose that that there is at least one element (ug, Vo) in
the class (5) with ug satisfying a given Dirichlet data. Then the functional (4) has a
minimizer in the subclass of (5) of couples (u, V') with u satisfying the prescribed
Dirichlet boundary conditions.

In the previous scheme, a sequence of varifolds accumulating at the boundary of
B vanishes at the limit. It is possible to consider a different situation where the
propagation of cracks at the boundary of the body B is taken into account, and
a term involving the crack at the boundary may contribute to the limit energy of
minimizing sequences. Such a situation has a clear meaning in terms of transplace-
ments for the Dirichlet problem, where the limit crack may be seen as a rupture of
the boundary condition.
A related existence theorem again follows.
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Crack Curving Based on Configurational Forces
and Their Gradients

Henning Schiitte

Abstract A numerical scheme is presented to predict crack trajectories in two di-
mensional components. First a relation between the curvature in mixed-mode crack
propagation and the corresponding configurational forces is derived, based on the
principle of maximum dissipation. With the help of this, a numerical scheme is
presented which is based on a predictor-corrector method using the configurational
forces acting on the crack together with their derivatives along real and test paths.
With the help of this scheme it is possible to take bigger than usual propagation
steps, represented by splines. Essential for this approach is the correct numerical
determination of the configurational forces acting on the crack tip. The methods
used by other authors are shortly reviewed and an approach valid for arbitrary non-
homogenous and non-linear materials with mixed-mode cracks is presented. Nu-
merical examples show, that the method is a able to predict the crack paths in com-
ponents with holes, stiffeners, etc., with good accuracy.

1 Introduction

Crack path prediction is based on three parts: a criterion for the onset of crack
propagation, a criterion for the direction of propagation, a criterion for the propaga-
tion speed or step length, for fatigue or quasi-static propagation respectively. There
is a wealth of criteria available, but most of the criteria available in the literature
cannot consistently by derived without ad-hoc assumptions. Furthermore one has
to distinguish between approaches for kinking and curving of cracks. Most criteria
available will give a statement for the immediate directional change of the crack
path, thus producing a kink. With small step sizes and kinking angles these criteria
are then used to represent a curved crack path, as a kink will physically only be ne-

Henning Schiitte
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cessary, if there is an abrupt change in the loading or the material properties. Among
the few approaches using curving segments is the one of Sumi et al. [1], but he is re-
stricting himself to slightly curving cracks. Most of these criteria are unfortunately
restricted to linear elastic fracture mechanics, as they are either based on the near
tip stress field solution or the stress intensity factors. So for nonlinear elastic, in-
homogeneous or plastic crack propagation methods based on configurational forces
have drawn attention [2—4]. Unfortunately the direction of the J-Integral or config-
urational force vector on the crack tip as the directional criterion is not a correct
choice as it does not account for the change of the configurational forces induced
by the kink [5]. This can be seen directly from the fact that this criterion predicts
always straight crack propagation for pure mode II, which is in contrast with ex-
perimental observations. Also the calculation of J2 with the help a domain integral
type approach used in most of these methods is inaccurate. So these criteria are only
valid for small kinking angles, which results in small steps sizes for an accurate
representation of curved cracks. The aim of this paper is to present a derivation of
a propagation criterion valid for strongly curved cracks with finite propagation step
sizes and formulated with the help of configurational forces, so the numerical ap-
proaches presented in [3,4] can be used to end up with a numerical scheme that can
be generalized to treat inhomogeneous materials at finite deformations. Additionally
a method is presented to calculate valid results for J2 from a direct configurational
nodal force approach.

2 Crack Curving in LEFM

The derivation of the criterion for curved crack propagation is done with the help of
the results obtained by Amestoy and Leblond [6] in the framework of linear elastic
fracture mechanics. Linear elastic fracture mechanics is based on the near tip stress
field

0ij = Ko f50) r™12 + T 85(0) + ba I (O)7 + O (1), (M)

where the K, are the stress intensity factors (SIFs) for the three modi o =

I,11,111, T the (non-local) T-stresses and the b, are the coefficients of square-

root stress terms also used by Sumi et al. [1]. The fi;, gij, h;j matrices of angular

functions stem from the Williams series solution [7]. A kinked and curved crack

(Figure 1) with the elongation of the crack s is described by y’ = a*x’3/2 + %C “x'2.
The evolution of the SIFs is given by Amestoy and Leblond [6] as

Ko(s) = K+ KV s + KV s 4+ 0(s*3) )

with



Crack Curving Based on Configurational Forces and Their Gradients 171

Fig. 1 The kinked and curved crack.

K2 = Fap(@)Kg (3)
K = Gop(¢)Tp + a* Hap(9)K g )
KL = [KD]0E, + C* Map(9)K 5 (5)

where the Greek indices run over I, 11, 111 the three crack modes and the matrices
F, G, H, M are universal functions, depending only on the kinking angle and not
the special crack problem under consideration. The first term in eq. (3¢) involves the
b-coefficients of eq. (1), but also some non-universal parts, that means it can only
be determined for a special crack problem in a finite body. A special note on the
non-universal characteristic of the second-order term for curving cracks seems to be
missing in Sumi et al.’s [1] approach, but is pointed out in [6]. Amestoy and Leblond
have derived in [6] also the consequences for the crack path of the criterion of local
symmetry [8] (K;; = 0). Here, using the same series approach, the consequences
of a maximum dissipation postulate should be derived, motivated by the work of
Le et al. [5], where they have shown, that from the variational principle of a body
containing a crack the maximum dissipation (or maximum driving force) criterion
follows without any ad-hoc assumptions. Furthermore the energetic approach has
the advantage that the crack propagation rate and the driving force acting on the
crack can accurately be determined for crack kinking and curving and also remain
the correct thermodynamic dual quantities for these cases.

3 Maximum Dissipation for Regular Curved Cracks

As the criterion for kinking cracks has already been derived in [S5], we will here re-
strict ourselves to the case of regular crack propagation, i.e. curving without kinking.
This implies for all criteria, that mode II has to vanish for the initial crack config-
uration as it would immediately lead to crack kinking. The starting point is thus the
dissipation of a growing crack, based on the driving force acting on the propagating
crack tip. Following Le et al. [5] we introduce this driving force with the help of the
actual SIFs
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G(s) = Ka()Kg()Aap = G* + G5+ GDs + 0Py (6)

with

10 0O

01 0 @)
1

00 1=

1 — 2

Agp =

The terms in the series can be given with the help of eq. (2) as
G*(¢) = KyKiAop = Fay AapFps Ky Kss (8)
* * - (1/2 1/2
GU2(¢.a*) = 2K Ky P + KMV KD J5) Aap )
GV (g.a*. C*) = (2K1K S +2KPK s + KVK D s) Mg (10)

The consequences of the postulate of maximum dissipation are here for the sake of
simplicity derived from the maximum driving force principle. The consequences of
the two are the same, as long as the fracture resistance does not explicitly depend
on the direction crack propagation, e.g. through the kinking angle. In the following
we restrict ourselves to the two-dimensional case.

3.1 Zeroth Order Approximation

The zeroth order term, depending only on the kinking angle, is the driving force
acting on a kinked crack that has already been determined in [5]. Introducing K;; =
0 into this solution leads to a vanishing kinking angle ¢* = 0.

3.2 First Order Approximation

To derive the first curvature parameter a* the maximum driving force determined
from the series eq. (6) is cut after the square-root term

Gs) =G+ G5+ 0(s); 6 = 6" (11
The postulate of maximum driving force

9G(s) aG/D 0
da*  da*

12)

leads to the curvature parameter

e 1 Aap(KyHpy Ky + /sHpy Ky GaT) 13
K AgpHyy Ky Hgs K
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Inserting ¢ = 0 into the matrix H (cf. [6]) and setting K;; = 0 for regular crack
propagation leads to a vanishing first order curvature parameter and thus a vanishing
first order driving force

a*=0=G" =0 (14)

3.3 Second Order Approximation

The driving force series eq. (6) is reduced with the help of eq. (refeq:10) and ¢ = 0
to

Gs) =G +GV /5 +GVs+ 06 =6+G6Vs+ 0GP (15)

The second order driving force term can be further simplified with the help of a* = 0
to
G = 2Kk + KLV K s) A (16)

And the second order SIF term appearing here reduces to

KD = k| + C*Myp(p = 0)K g 17)

straight
The first non-universal term in eq. (17) is to be understood as the first order term
that would appear for a straight (not kinked, not curved) crack propagation. The
maximum driving force gives then an equation for the second curvature parameter
C*

aG(s) aGW )
or = e =0= 2Aap(KaMpsKs + K Mps Kss) (18)
with the solution (inserting My j(¢ =0) = My 11(¢p =0) =0, M1 =1/2)
dK
1
Cc* = _ZKI(I) straight = C* = —2 ds |Straight (19)
- K[ B KI

where the second interpretation in the above equation is possible because of the
vanishing KII for the initial crack. This is a similar result to the one derived in [6]
from the principle of local symmetry. Also Sumi presented in [5] a similar result for
slightly curved cracks. To be able to use a numerical approach based on configur-
ational nodal forces in the framework of an FEM simulation, this result has to be
reformulated in terms of configurational forces.
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4 Transition to Configurational Forces

Configurational forces are to be understood as the forces in material space (in op-
posite to physical space) resulting from the variation in energy due to the change in
position of the singularity arising at the crack tip (cf. [9]). For the configurational or
Eshelby-stress tensor

oy

Wij = Ydij — ug,j T (20)
N

with the free energy density ¥, u; the displacement vector and §;; the Kronecker
delta the following balance of material momentum equation is valid

oy

Mij,j = 9X; lexp 21
where the right hand side term is only non-vanishing, if there exists an explicit de-
pendency of the free energy density with respect to the position X in the material.
This is only the case for non-homogeneos materials, e.g. functionally graded mater-
ials. For homogenous materials the divergence in eq. (21) is vanishing, giving rise to
a path-independent conservation integral, the first component of which is the widely
know J-Integral

f\;’i = J,' = lim f /L,-jnjds (22)
r-oJr

Please note that eq. (22) shows only an asymptotical path-independency, since the
integrand for J> is not necessarily vanishing on the crack surfaces. This will be
discussed in detail in connection with the numerical approach for the accurate de-
termination of the configurational forces in a finite element framework. In a linear
elastic fracture mechanics framework we have the following connection between
configurational forces, J-integral vector components and the stress intensity factors

1—v? 5 5
3t=~]1= E (K1+K11) (23)

1—2

Sn =0

(—2K:Kpp) 24

With the help of these relations the main result of the preceeding section, the
curvature resulting from maximum dissipation can be rewritten as

Vt'g'n 815}1
cr=-"-" =
§-t IS

where V; is the tangential part of the gradient of the material force with respect to
material space (compare Figure 4). This tangential derivative is to be understood as
the derivative of the normal component of the configurational force along a straight
crack elongation. The second interpretation of eq. (25) is valid because for the real
crack the normal component will always vanish. Equation (25) means the local

(25)
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J}U/HHH\IJ

Fig. 3 Integration domains of increasing size.

curvature of the crack trajectory is the same as the local curvature of the mater-
ial force field. This result seems to be such a natural and straightforward result, that
the author believes, it will hold in general without the underlying assumptions made
earlier in the linear elastic fracture mechanics framework.

5 Finite Element Framework

A finite element framework making use of nodal configurational forces is used,
similar to the ones described in [3,4]. The essential part is, that this approach gives
in a simple post-processing step the configuration forces as the thermodyamical
dual quantitiy to a variational change of the position of the corresponding node with
respect to the material

Nen

E
gthZ/ﬁeu-VxNedA (26)
0

e=1 p=1
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& 3o

Fig. 4 Normal and tangential components of the configurational forces at the crack tip

1.00 i - : 1.00
- « 095
] ]
3 0.95
K .'090
2 090
| <085
w
085 0.80
0.000 0.001 0.002 0.003 0.004 0000 0001 0002 0003 0004 0.005

r/a r/a

Fig. 5 J; and J, values for increasing domain size.

Without discretization errors the finite element results for a body with a crack would
produce only configurational forcees acting on the nodes representing the crack
front (or one force acting on the crack tip). Due to the failure of the shape-functions
normally used in an FEM based approach to accurately represent the two singularit-
ies involved at the crack tip (namely the stress singularity and the singularity of the
Eshelbian-stress, which are of different order) also spurious configurational nodal
forces are produced in the vincinity of the crack front (or tip). Figure 4 shows the
results from a simulation separated into the normal and tangential parts.

The accuracy of the forces acting directly on the tip usually is low. Thus many
authors [3-5] have adopted some method similar to the domain integral method,
which in this framework consists simply in adding up the contributions of the nodes
contained in a certain area surrounding the crack tip (Figure 5).

F=> % @7

n; e

Figure 5 shows clearly, that the value for Ji, but not the value for J> is converging,
when the size of the domain is increased. Because of this an extrapolation back to a
zero area domain is necessary, as suggested by the limit value appearing in eq. (22)
hinting to the asymptotic path independence of the J-integral vector.
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Fig. 6 Forward sensing alaong the predicted crack path.
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Fig. 7 Specimen by Bittencourt et al.

6 Step by Step Propagation Scheme

A step by step numerical scheme has been implemented in the commercial FEM-
code ANSYS. After each step the geometry has been created newly and a new
mesh has been created. After that the following scheme has been adopted for each
propagation step:

small test step to determine the curvature 25

“forward sensing” the ratio oy, /oy, to determine the maximum length (Figure 6)
constant curvature propagation

small change of the tail slope of the spline by A¢ = J>/J; to get vanishing J>
or cut back, if J»/Jj is too big.

With the help of this scheme the experiments from Bittencourt et al. [10] (Figure 7)
have been simulated. Figure 6 illustrates, that highly accurate results can be attained
with a small number of propagation steps.
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Fig. 8 Computational result from 20 propagation steps.

7 Conclusions

A criterion to describe the crack trajectory of a curved crack has been derived. The
formulation in terms of configurational forces opens the door to a applicability to
a wider range of inhomogenous materials or finite deformations. The necessity of
an extrapolation technique to determine accurate J> values has been shown. The
numerical scheme based on splines and a predictor-corrector method enables to take
large steps in an FEM simulation and thus save computational effort, while keeping
or increasing the accuracy of the predicted path.
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Anisotropic Elasticity of Grade Three:
Conservation and Balance Laws

Eleni Agiasofitou and Markus Lazar

Abstract In this work we derive conservation and balance laws in the context of
linear, anisotropic elasticity of grade three including cohesive forces. More particu-
larly, for a homogeneous medium without external forces we derive the conservation
laws of translation and addition of solutions as well as the balance laws that stem
from the rotation and scaling transformations. The Eshelby stress tensor of such a
gradient theory of higher order is determined. On the other hand, we calculate all the
corresponding balance laws for an inhomogeneous medium in the presence of ex-
ternal forces. The dynamical reciprocal theorem for anisotropic elasticity of grade
three is derived and its relationship to the balance law of addition of solutions is
examined.

1 Introduction

Elasticity of grade three is an extension of elasticity in which there is a microstruc-
ture associated with material points. The theory of gradient elasticity enriches the
classical elasticity with additional material-characteristic length scales in order to
describe the size effects resulting from the underlying microstructure. Such a con-
sideration is based on the constitutive relations in which the strain energy density
W is a function not only of the displacement gradient but also of the gradients of
the displacement up to the third order W = W(Vu, V2u, V3u) including surface
energy as originally proposed by Mindlin [10]. For crystals, anisotropic elasticity of
grade three is a proper candidate to describe their microstructure. The aim of this
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paper is to derive the conservation as well as the balance laws for linear, anisotropic
elasticity of grade three including the so-called cohesive forces [10, 11, 15]. The
present work is a generalization of the paper [2] to anisotropic materials.

2 Anisotropic Elasticity of Grade Three

In the framework of linear elasticity of grade-3 for a homogeneous, anisotropic
material in the absence of external forces, the strain energy density is considered
as a function of the first, second and third gradient of the displacement field
Uy = Uy (X), ¢ =1, 2,3 thatis

W =Wug,i, ha,ij, Ua,ijk), (D

where uq; = 0uy/0x;. We denote by x = (x1, x2, x3,¢) that is the first three
components of x are the spatial coordinates and the fourth one corresponds to the
time variable ¢. Considering the dynamical case, we represent the kinetic energy
density by

1

T = 3 Patia; )

where pq is the linear momentum vector and a superposed dot will denote the time
derivative. Then, the Lagrange density can be expressed as

L=T—-W. 3)
Therefore, for the problem under study we have
L= eﬁ(l;ia, Ug,is Ua,ij, ua,ijk)~ “

In general, a Lagrangian of third order for an inhomogeneous body in the presence
of body forces can be of the form

oL = L(Xj, Ug, Ues Uiy Ui Uaifk)- )]

A third order variational problem consists of finding the extrema of the so-called
action integral

Ju] = / L(x, u?)dx, (6)
Q

where the integrand £(x, u®) is a smooth function of x, u and the derivatives of
u up to third order, u®, and € is an open, connected subset of R* with smooth
boundary 9€2 and dx = dxjdxpdx3dr.

For a smooth function u(x) to be an extremum of the action integral J[u] it is
necessary that it satisfies the Euler—Lagrange equations

Eo(L£) =0, a=1,2,3. 7
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Throughout the paper, we assume the usual convention of summation over a re-
peated index. The Euler—Lagrange equations for a third order variational problem
are given by the formula

oL oL oL oL
Eq(L) = — —D; — +D;D; —D;D;Dy
duy aua,i Ug,ij Ug,ijk
=0, i,j,k=1,...,4, 8)

where D; is the total derivative.
Namely, the strain energy density for a linear, anisotropic material can have the
form

1 1 1 1 1
0 0
W = 2 Tajilaj + S Tajkta jk + 5 Tajkita,jkl + 5 Agjitta jk + 5 Byjrtta,jki> - 9)
where 1,; is the force stress tensor, Ty and Ty are the double and the triple stress
tensors, respectively and can be defined as follows

oW W W
S gy T , Tkl =

(10)

Mg, jk g, jki

or more specifically [7,8, 11]

Taj = Cajpittpk + Fajpriup ki + EajpkimUp, kim.
Tajk = Fpiajiipi + Aajpimip.im + GajkpmnpUp.mnp + Agjk’
Tajkl = Eﬁmajkluﬁ,m + G,anajkluﬁ,mn + Bajklﬁmnpuﬁ,mnp + ngklv (11)

where Cﬁtjﬁkv Fajﬁklv Eajﬂklms Aajkﬁlms Gajkﬁmnpv Bajklﬁmnps Agjk and ngkl
are the tensors of the material constants and especially Ag i and BS. w are the co-
hesive forces. To complete the set of the constitutive relations (10) for the considered

Lagrangian we give the following relation for the linear momentum vector

oT .
Pa = 7 = PlUq, (12)
Olly
where p is the mass density.
For the considered model, the Euler-Lagrange equations (8) via the relations (10)
and (12) take the form

Dl Pa — Di(Tai — DjTaij “rDjDkTaijk) = O, i, j, k= 1, 2, 3. (13)
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3 Conservation — Balance Laws in Elasticity of Grade Three

In this section, we start giving a brief mathematical setting for the derivation of a
conservation law for a third order variational problem. The next subsections deal
with the derivation of conservation or balance laws for specific group of transform-
ations for a homogeneous body without external forces.

3.1 Structure of Conservation Laws

This subsection gives the absolutely necessary material concerning the construction
of the currents which enter into a conservation law. The calculation is based on the
Noether theorem [13] and especially in the prolongation method as it is described
in the books by Olver [14] and Bluman and Kumei [3]. For the detailed calculation
of the currents for a third order variational problem, the reader is referred to [2].

Let us consider an n-parameter group of transformations G acting on both inde-
pendent x and dependent u variables

(X*vu*) = (EW(X5 u)5 qDW(Xa u))v (14)

wherex € X = R*, u € U = R3 and the parameter w = (w1, wa, ..., wy). Each
parameter of an n-parameter Lie group of transformations leads to an infinitesimal
generator. The infinitesimal generator v,, corresponding to the parameter w,, r =

1,...,n of the group G is a vector field defined on an open subset M C X x U
, 0 , 0 .
Vrzgi(X,u)_‘i‘(ba(X,u)—, l=1"‘745 a=15273 (15)
0x; iy
where
gL (x, IDY(x,
grxw = S Wl gy 2 SO
dwy w=0 dwr w=0
where Eiv, ®¢, are the components of Ey, Py and
04, (x, uV) = ¢ (x, w) — & (X, Wy, (17)

are the characteristics of the vector fields v,.

Noether’s theorem states that if G is a symmetry group of the variational prob-
lem (6), v,,r =1, ..., n are the infinitesimal generators of G and Q}, are the char-
acteristics of v,, then Q] are also the characteristics of conservation laws for the
Euler-Lagrange equations E, (L) = 0; in other words there are A,;,i = 1,...,4
such that

D;A;i = —QuEa(L) (18)

are conservation laws in characteristic form for the Euler—Lagrange equations.
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In our case, that is for a third order variational problem, the general form of the
currents are given by the following formulas (see [2])

| 9L aL aL | 9L aL
A =0, 5 —-D —I—DjDk8 +D;0, 5 -D

j k
@i T Qug.ij Ug,ijk Ug,ij g jjk
+DjDkQ£ +£§l~r, i,j,k=1,2,3 (19)
Olhg,ijk
and

oL
Ara = Qf— + L&}, (20)

Oty

The statement of Noether’s theorem holds also in the case that the vector fields v,
generate a divergence symmetry instead of a variational one for the functional J. In
that case, Noether’s theorem gives the following currents

A Q’[ac@ D oL +D;D }—FDQ’[&C D oL }
- D. Ds ) — Dy
" “| Qug,i ! Oldg,ij ! Ua,ijk IR g, ij Ua,ijk
—I—DjDkQZ —i-oCEir—Bri, i,j,k=1,...,3 21)
Ol ijk
and
oL
Ar4 = Q&— + OCEZ; - Br47 (22)
Oty

where B,;(x, u’™) are functions of x, u and derivatives of u.

In what follows, we find the conserved quantities that enter every time into the
specific conservation law calculating firstly the components of the infinitesimal gen-
erators and the corresponding characteristics and substituting these quantities into
Eqgs. (19) and (20) if the group of transformations is a variational symmetry or to
Egs. (21) and (22) if the group of transformations is a divergence symmetry.

3.2 Translations in Space and Time

Let us consider the following transformation corresponding to translations of the
independent variables in space and time, namely

xf=xi+wd, ri=1,...,4
Uy =ug, a=1,23 (23)

where §,; is the usual Kronecker delta.
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Due to the fact that the group (23) is a 4-parameter one, Eq. (18) can be read as
follows

D;A,; =0, i=1,...,4, r=1,2,3 24)
and
D;A4 =0, i=1,...,4. 25)

Eq. (24), using the relations (19), (20), (10) and (12) concludes to the translational
conservation law in the linear, anisotropic elasticity of grade-3

D;?» —D; Py =0, (26)
where
Pr = Arg = —Ppolia,r 27
and
Ppi=—Ay (28)

= —L8y1 — e, (Tl — Talj,j + Taljk, jk) — Ua,rj (Talj — Taljkk) — UearjkTaljk

are the pseudomomentum vector and the Eshelby stress tensor [4] for the linear
elasticity of grade-3, respectively.

On the other hand, the analysis of Eq. (25) leads to the conservation law of energy
for the linear, anisotropic elasticity of grade-3

D;#H —D;S; =0, (29)
where
H = Ay = pytiy — L=T + W (30)
and
S = — Ay = ttq (Tal — Tatj,j + Tatjk, jk) Fita,j (Tatj — Tatjik) +ita, jkTatjk (31)

are the Hamiltonian density and the material flux vector or field intensity [12] for
the linear, anisotropic elasticity of grade-3, correspondingly.

Furthermore, we can take the integral form of the equations (26) and (29) integ-
rating over a volume V of a regular bounded body with surface S using the diver-
gence theorem

fPrlnldS—/ D, #.dV =0, (32)
S \%4
/SlnldS—/ D, #dV =0, (33)
S \%

where n is the unit outward normal vector to S.
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3.3 Rotations in Space

We continue to obtain actually the balance law that comes from the rotation of the
dependent and the independent variables in the space

X' =x; + eirkwrxg, i k,r=1,2,3

1" =t,

Uy = Ug + eqrkwrly, o k,r=1,2,3 (34)
where e;,¢ is the permutation tensor or Levi-Civita tensor.

The expressions of A,; and A,4 (Egs. (19) and (20)) for the group of rotations
are

My = —Ar = erma <meal + i (Tet — Talj,j + Taljk,jk) + um,j(Talj - Talkj,k)
FUm, jkTaljk + Ujm(Tjla — Tjlkak) + 2uj,mkfj1ka) (35)
and

My = Ara = €rma(Xm Po + Um Por) (36)

and construct the following rotational balance law

Di M, — DM, =
€ram (Mj,m Tja + Um,jTaj + UjmiTjal + UjmiTjla + Um,jITalj

+ U j ik Tjatk + Um, jkiTaljk + Ujmki Tilak + WemjiTkije),  (37)

where M, is the total angular pseudomomentum vector and M, is the total angular
momentum tensor for the linear, anisotropic elasticity of grade-3.

It is clear that in the above calculation of Eq. (37) we have not taken into ac-
count the symmetries of 74j; and 74 With respect to the last two and three indices,
correspondingly. If these symmetries are considered, Eq. (37) is simplified to

DM, — DMy = ergm (Mj,mfjot + Um,jTaj + 2 UjmlTjal
+ tm, j1Tatj + 3 UjmikTjaik + Um, jki Taljk)- (38)

For an isotropic material the rotational balance law (37) changes to a conservation
law since the isotropy condition in this case is fulfilled (see also [2]).

3.4 Scaling

We investigate here the case of the one-parameter group of scaling of independent
and depended variables
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x' =14+ w)x, i=1,2,3

=1+ wt,
a=1,2,3

u:; = (1 +wdy)ug,

(39)

where d,, denotes the scaling dimension of u.
In this case, the currents (19) and (20) have the specific form

A = xi Py — 18] + dyue (Tar — Talj,j + Taljk, jk)
(40)

Y :=—
+ (dy — 1)ua,j(77alj - Talkj,k) + (du — 2)’/tt)z,jl<77¢)tljlc
and
Y:=Ay =x;P; —tH +dyu;p;. 41

Having in mind that the scaling group leads to a conservation law in classical linear
l-n 2-d
dy = =—, 42
u 5 3 (42)
where n and d = n + 1 are the space and space-time dimensions, respectively.
Finally, we conclude to the following equation for the scaling group
(43)

elasticity we obtain that

d o
DY —DiY; = (Tazj - EA

d
a1j>”a,lj + (27aljk - EBt(x)ljk)“a,ljk'
It is also interesting to see that the above equation in the dynamical case, that is
d = 4, using also the constitutive relations (11), becomes

DY — DY) = (Fgratjupk + AatjpkmUg km + GaljpmnpUg,mnp — Aglj)ua,zj
+ 2 (Egmatjkttm + G pmnatjrktp.mn + BatjipmnpUp.mnp) Ua,ljks
(44)

where it is obvious that Bgl ik does not influence the breaking of symmetry instead

onglj.

3.5 Addition of Solutions

Next, we examine the case of a divergence symmetry as it is the group of addition

of solutions
; ; i=1,2,3

=1,

Uy =ug+wvy, a=1273 (45)

where v, = vy (X) is an arbitrary solution of the field equation (13).
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Using the relations (21) and (22) we find the expressions for the quantities

Bi = —ug(Tai (V) — Taik k (V) + Taikt ki (V) =t i (Taik (V) — Taiki,1(V))
— g k1 Taikt (V) + AL gk — Vo k) + B (Ut — Vaki), (46)
By = ug pa(v) 47)

and consequently for the conserved currents

Ai = — o (Toi (W) = Taike k() + Taikt k1 () —Vor k (Tarik (W) — Taikr, (W) — AY;y)
— Vo kit (Taikt (W) — By
+ st (Tai (V) = Taik k (V) + Taikt, k1 (V) Fita i (Taik (V) — Taik1,1 (V) — Agik)

+ tta kit (Taiki (V) — BOiyy) (48)

and

A4 = vy pa (W) — Ug po (V). (49)

The conservation law that comes from the transformation of addition of solutions
has the form

D;7 —D;l; =0, (50)
where 7 := A4 and I; 1= —A;.
Furthermore, Eq. (50) can be written in the following integral form
/IinidS —/ D;ZdV = 0. (51)
s 14

4 Balance Laws in Elasticity of Grade Three

This section is devoted to the derivation of the balance laws that correspond to the
former groups of transformations in the presence of material inhomogeneities and
external body forces. We conclude giving the dynamical reciprocal theorem in the
anisotropic elasticity of grade-3. It is also discussed its connection with the balance
law of addition of solutions and the restrictions under which it is valid.

4.1 Balance Laws and the J, L. and M-Integrals

The Lagrangian for an inhomogeneous medium with external body forces is given
as
L=T-W-V, (52)
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where V is the potential of external forces, therefore o£ will be of the general form
(5). The external body forces and the material or inhomogeneity forces [9] are re-
spectively defined by

: AL
finb.— 2 (53)
axi

oV

F, = — ,
* ity

In this case, the tensors Cyjgk, Fujpkl> Eajpiim> Aajkpim> Gajkmnp s Bajkipmnp Agjk
and Bg ki can be considered as continuously differentiable functions of the position.
The associated Euler-Lagrange equations are given by the formula (8) or in the

terms of the stress tensors as follows
Dtpc{_Dl(TOll_D]TOll] +D]Dkr0{l]k)=FOl5 avl5Jak=15273‘ (54)

Starting from the translational conservation law (26) with the aid of the Euler—
Lagrange equations (54), we can compute the translational balance law for the
linear, anisotropic elasticity of grade-3

D, P, — Dy Py = fih, (55)

r

where it is evident the existence of a source term breaking the translational sym-
metry.

Repeating the same procedure for the case of the rotation group, Eq. (37) via
Eqgs. (54) and (55) leads to the following rotational balance law

inh
D[:Mr - Der[ = érma (.meoltn + umFo{ - ul,m‘[la - um,lfotl
—UlmjTaj — Um,jlTalj — UjmlTjla

—UlmjkTlajk — Um, jkITaljk — Uj.mki Tjlak — WkmjlThija)-
(56)

Moreover, Eq. (43) through Eqgs. (26), (29) and (54) gives us the following scaling
balance law

d o d 0
DY —DiY; = (Talj - EAD,[])MO(,U + <2Taljk - EBa[jk>ua,ljk
2+d

5 taFa. (57)

+ x fim 4

Finally, the balance law that corresponds to the addition of solutions is given as
follows

D/ I-D;l; = UozFa(u)_uaFa(V)‘i‘Agik’i(Ua,k_ua,k)‘f‘Bgikl’i(Uoz,kl_ua,kl), (58)

where it is easy to see that the gradients of the cohesive forces give additional source
terms due to the inhomogeneity of the material.
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The integral forms of the balance laws (55), (56) and (57) lead respectively to
the generalizations of the dynamical J, L and M -integrals in the linear, compatible,
anisotropic elasticity of grade-3

J :=/Pr1n1dS—/ D, P.dV = —/ finhqy, (59)
S Vv \%4

Ly = | MymdS — / D, M,dV (60)
S \%

inh
= _/ erma(xmfa +umFo — Ul.mTa — Um,ITal — Ul,mjTlaj — Um,jlTalj
\%

—UjmlTjla — Ul mjkTajk — Um,jklTaljk — UjmklTjlak — uk,mjlfklja)dvs

M= / YmidS — / D, Y,dV 61)
S 1%
d g d 1o
- v[<T"‘lj - EAalj>uan + (2tajk — EBaljk)uank
244
+x1flmh+ + uaFa)]dV-

4.2 Dynamical Reciprocal Theorem

We proceed to show that in the case of vanishing cohesive forces, the balance law
of addition of solutions (58) is actually the dynamical reciprocal theorem in linear,
anisotropic elasticity of grade-3.

Indeed, following Achenbach [1], one can show (see also [2]) that if we have the
displacements fields u(x) and v(x) produced by body forces Fy(u) and F, (v), then
the following relation holds

o (Fo (V) — Dy po (V) =y (Fo (W) — Dy po (w))=

D [V (i (W) — Tarik & (W) + Taikt ki (W) ) +Ver,k (Taik (W) — Taikt,1 () Vo ki Taiks (W)
— e (Tai (V) = Taik k (V) + Taikt k1 (V) =t k (Taik (V) — Taikt 1 (V) =t ki Taiti (V) ]
+ A (uaik — Vain) + BY (it — Vaik)- (62)

We mention here that for the derivation of the above formula the symmetries
Cajﬁk = Cﬁkﬁtjv Aajkﬁlm = A,Blmotjk and Bajklﬂmnp = Bﬂmnpajkl are essential.
It is easy to check that Eq. (62) coincides with the balance law (58).

If Agik = 0 and Bgikl = 0, then Eq. (62) is nothing but the reciprocal theorem
for the linear, anisotropic elastodynamics of grade-3 in local form. The integration
of Eq. (62) for vanishing cohesive forces concludes to the following relation
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/;/ua(Fa (V) — Dy pa(v))dV + /S(ua(fai(V) — Taik k (V) + Taikl ki (V)
+ s i (Taik (V) — Taikt, 1 (V))Flle ki Tik1 (V))dS;
= /V Vo (Fo (@) — Dy pe,(w))dV + /S(Ua (Tai (W) — Taik k(W) + Toiks ki (W)
+ Vo k (Taik (W) — Taikr,1 (W) +Va ki Taiki (W) dS;, (63)

which is the generalization of the reciprocal theorem in global form, akin to the the-
orems of Betti and Rayleigh (see e.g. [1]), to the linear, anisotropic elastodynamics
of grade-3.

From the above analysis it is clear that in the case of anisotropic elasticity of
grade-2 or dipolar gradient elasticity, that is Eyjgiim = 0, Gaijgkim = 0 and
Byjkigmnp = 0 in the constitutive relations (11), the reciprocal theorem holds
without to demand the vanishing of the tensor Fyjgi as erroneously claimed in
[5,6].

5 Conclusions

To sum up, for a homogeneous material in the absence of external forces only the
groups of translations and addition of solutions lead to conservation laws in contrast
to the groups of rotations and scaling that conclude just to balance laws. Moreover,
the cohesive forces appear explicitly in the balance law of scaling even in the case
of a homogeneous material. On the other hand, for an inhomogeneous material, the
cohesive forces influence explicitly the balances of scaling and addition of solutions
giving additional source terms. Finally, the balance law of addition of solutions is
actually the dynamical reciprocal theorem under the restriction of vanishing cohes-
ive forces.
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Evaluation of Crack-Driving Forces at
Finite Viscoelasticity: Theory and Experiment

Michael Kaliske, Christiane Netzker and Bastian Niser

Abstract This contribution presents an approach to determine the fracture mech-
anical parameters energy release rate and crack-driving force efficiently with the
material force method expanded for dissipative materials. A reliable test proced-
ure for the evaluation of these parameters is presented. Another focus lies on the
investigation of time-dependent effects in this context induced by viscoelasticity.

1 Introduction

During the last two decades, numerical simulation has been growing to one of the
most important tools in the development and optimisation of new construction ele-
ments, structural parts and their assemblies. The Finite Element Method represents
the most common numerical procedure for evaluating the structural behaviour of a
component. It allows to determine both the displacements as well as the stress and
strain conditions in a part due to certain load conditions. The reliability of these
investigations depends on the underlying constitutive model of the observed mater-
ial. In order to investigate the complex constitutive behaviour of elastomers, which
show a combination of nonlinear elasticity at finite strains, dissipative phenomena
like history dependent reduction of stiffness as well as rate-dependent and rate-
independent inelasticity, it is therefore necessary to adopt physically based material
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models since purely phenomenologically inspired constitutive equations can only
account for single characteristics.

Even though the Finite Element Method offers the possibility to perform both
static and dynamic simulations of highly materially and geometrically nonlinear
problems, it yields no direct information on the fracture mechanical behaviour of the
investigated components. However, the consideration of fracture mechanical aspects
is of special importance since the safety and serviceability of most products can be
mainly attributed to the initiation and growth of cracks. Therefore, further fracture
mechanical investigations are inevitable in order to evaluate the sensitivity of these
components with respect to crack growth.

Conventional fracture mechanical concepts were derived for brittle materials as
well as metals and hold true only for purely elastic material characteristics. Consid-
ering the complex properties of elastomeric material, fracture mechanical investiga-
tions are very challenging and cannot be conducted with these standard approaches.
According to this, only few publications regarding the fracture behaviour of elast-
omers exist, most of them assuming pure elasticity. Another approach regarding
the determination of the crack-sensitivity of a component is offered by the concept
of material forces. The fracture mechanical investigations presented in this con-
tribution base on the extension of the material force method to inelastic material
behaviour.

2 Viscoelasticity of Elastomers

A realistic material formulation of elastomers has to take into account stress soften-
ing and damage, respectively, as well as phenomena like rate-dependent and rate-
independent dissipation of energy.

Viscoelastic material models basing on linear evolution laws proved to be in-
sufficient for reproducing the rate-dependent behaviour of elastomers. A nonlinear
formulation was proposed by Bergstrom and Boyce [1]. On basis of this finite vis-
coelasticity model, an algorithmic approach to model the rate-dependent behaviour
of elastomeric material in the context of the Finite Element Method was derived

[2,3]. This micromechanically inspired model describes the material by a Helm-
holtz free energy function consisting of an equilibrium part representing the pure
elastic material behaviour and a non-equilibrium part modelling the viscous effects

W =W+ W (1)

Assuming nearly incompressibility, the elastic response is split into a volumetric
and an isochoric part, while the viscous deformations are assumed to be purely
isochoric. For viscoelastic, incompressible material behaviour, the evolution of the
dissipated energy is expressed by the reduced dissipation inequality

=V .y

D'=M :F @)

[
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3)
“)

v
o Al
<
=M

=V
with the isochoric part of the Mandel tensor in the intermediate configuration M
. . . - U
and the rate of the viscous deformation gradient F .
The inelastic rate of the deformation tensor in the current configuration EU

a’ = —%fv (b¢) ! (5)

can be obtained by the Lie time derivative .%, (he) of the elastic finger tensor b®.
The direction of the evolution is represented by

v

T8 . i
n= ”;1)%0” with HIl]}so ” = \/M and Ili)so = E . Iv’ ©6)

—~iso

where T” denotes the viscoelastic, incompressible part of the Kirchhoff stress and

=

=1--181 @

W —

the fourth order deviatoric projection tensor. Introducing furthermore the effective
creep rate y leads to the following evolution law

v .

=yn ®)

=

Based on the tube-model of Doi and Edwards [4], which restricts the parameter ¢
to ¢ < 0, and assuming an energy activated creep process, Bergstrém and Boyce
derive the effective creep rate

y =y [Al—1] ™\ with t¥ = M )

: . z /2
depending on the viscous network stretch A” =y v/ 17 /3, where I = trC" with the
inelastic metric in the reference configuration C := F'T F¥. With regard to the

dissipation inequality, the parameters yp/7"” and m must be positive.
The integration of the evolution law depends on an operator split of the material
time derivative into an elastic predictor and an inelastic corrector step

b= 1o b +bIL, + 2 (b)) (10)
—_— —
elastic inelastic

where

Zm)=FC"F (11)
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_ c -1
with the incompressible part of the deformation gradientF = J=1/3 F. With € =
0 during the elastic trial step leading to
Jgr -1 =1
b =F (C"), F (12)
and with %, (he) = be during the elastic corrector step, the evolution law is finally
derived as

. e

b =[-2y n] b (13)

The elastic Finger tensor b® is derived on basis of an exponential mapping al-
gorithm by an iterative solution of the nonlinear set of equations. The consistent
tangent moduli are computed from a virtual intermediate stress expression by em-
ploying a pull-back operation of the Kirchhoff stress to the intermediate configura-
tion by the trial elastic deformation gradient [2, 3].

3 Fracture Mechanical Parameters

Every infinitesimal crack growth in a structural component involves a release of
energy. This change of potential energy is represented by the energy release rate.
According to the Griffith fracture criterion [6], the crack will propagate if the crack
growth releases more energy than required for the development of new surfaces.

The energy release rate is one fracture mechanical parameter. In case of elastic,
non-dissipative material, it can be entirely attributed to the tearing of the material.

Inelastic, dissipative materials on the other hand show a distinctive process zone
around the crack tip leading to a change of potential energy due to the movement
of the dissipative zone around the crack tip in addition to the change of potential
energy due to the displacement of the crack tip itself. The total amount of released
energy is represented by the energy release rate which can be understood as the
energy flow into the dissipative zone. This energy release rate offers no information
on the part of energy released solely by the creation of new surfaces. Therefore, a
second fracture mechanical parameter has to be distinguished. The energy flow to
the crack tip is represented by the so-called crack-driving force which is related to
the change of the elastic potential with respect to a movement of the crack tip within
a fixed dissipative zone. The decision which of the two parameters has to be applied
depends on the purpose of investigation.

The fracture process on the micro-scale can be described by the crack-driving
force because it yields only the energy flow to the crack tip contributing entirely to
the tearing of the material. Due to the extent of the dissipative zone, the value of
the energy release rate depends on the evaluated area around the crack tip resulting
in a path-dependency of the corresponding contour integrals. This is of special im-
portance regarding the fact that the dissipative zone cannot always be completely
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i Elastic strain energy

- Dissipated energy
.“ Stress work

Stress

Strain

Fig. 1 Internal mechanical work and elastic strain energy.

included into the contour. In contrast, the crack tip is entirely included into every
contour so that the crack-driving force is path-independent.

3.1 Classical Fracture Mechanical Approaches

Both fracture mechanical parameters can be derived with variations of the J-integral
formulation. This line integral can be evaluated either in terms of the internal mech-
anical work as originally defined by Rice [10] yielding the crack-driving force or
in terms of the strain energy as implemented in most commercial Finite Element
programs (cf. Figure 1). The latter definition yields only the energy release rate
in case of dissipative material while the definition according to Rice is restricted
to monotonic loading due to the incremental evaluation of the internal mechanical
work. Therefore, both approaches are not suited to identify the crack-driving force
of inelastic, dissipative materials under realistic loading conditions.

Both, the crack-driving force and the energy release rate can be determined by an
energy balance of two model states with different crack lengths. Since this method
is again restricted to monotonic loading, requires extensive numerical efforts and
allows only to investigate one crack at a time, it can only be applied under certain
restrictions.

3.2 Material Force Method

Within the material force method, the described fracture mechanical parameters can
be computed efficiently in the context of the Finite Element Method. This approach
can be adapted to linear and non-linear elastic as well as inelastic material behaviour
at small and finite strains and is not restricted to monotonic loading.

The material forces due to the Eshelby-stress tensor X, which was introduced by
Eshelby [5], captures only the change of the elastic strain energy. Evaluated inside



198 M. Kaliske et al.

9.0

8.0 * * *
7.0
*—— material force
GIN] e——o material volume force
1oL e——e crack driving force
12.5 25.0 37.5 50.0
0.0 —— >
10 L radius [mm]
\4

Fig. 2 Path-dependency of material force, material volume force and crack-driving force.

a domain around the crack tip, these material forces correspond therefore to the
energy release rate.
In order to ensure the local balance of the material motion problem

DivE+G=0 with G=Gy+G", (14)

material volume forces due to inelastic effects G arise in addition to the mater-
ial body forces resulting from the elastic problem (cf. Section 4). These additional
material volume forces can be related to the negative driving forces on the cor-
responding dissipative field. Thus, it is possible to separate the pure crack-driving
force from the material forces without any restrictions regarding the loading or the
number of cracks.

The importance of taking into account the material volume forces which arise
from inelastic material behaviour is emphasized by Figure 2. The diagram shows
the sum of material forces due to the Eshelby-stress tensor, the material volume
forces and the crack-driving forces, respectively, as a function of the distance from
the crack tip. Obviously, the crack-driving force converges even in close vicinity
of the crack tip. The crack-driving force can be stated as path-independent. On the
contrary, the material force and the material volume force are a function of the in-
tegration path. Further examination showed also a small discretization-dependency
of both the material force and material volume force. Depending on the integration
path, disregard of the material volume forces will lead to an over- or underestimation
of the crack-driving force as the fracture mechanical parameter.
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4 Material Forces of Viscoelastic Material

According to the definition of the material forces, the material gradient of the strain
energy has to be computed. For purely elastic material, the strain energy density
depends only on the deformation gradient F and — in case of inhomogeneities — on
the spatial place X.

The strain energy is only dependent on the elastic deformations. Applying a mul-
tiplicative split of the deformation gradient F = F° FV into an elastic and a vis-
coelastic part, it can be therefore expressed in terms of the total deformation gradient
F and the viscoelastic deformations F” in case of viscoelastic material behaviour

WY =Ww" (F,X) = W'(FE F"",X) = W' (F, F’, X).. (15)

The material gradient of the strain energy density

VWY = W(J” W) (16)
aJv - AW oF¢ oy

= WV 4 JV = — 17
0X * 3Ee X - oX expl ( )

~V

P

contains with

WY=J" W' and P'=J'P F'T (18)

the strain energy density and the first Piola—Kirchhoff stress tensor in the interme-
diate configuration.

Assuming nearly incompressibility J¥ = det F¥ = 1, as shown by all elastomeric
materials of pratical relevance, and considering Vx JV = 0, Eq. (17) reduces to

AW  oF¢ oy
WW = = — . 19
X G X | 9X expl (19)
EU
Rearranging Eq. (19) leads to
a Fv-l a
WW =P EFT) oy (20)
aX 0X |yl
- [ OF ~ R 9
b (Ep) b (P )+ @1
X aX 0X | cxpl
- . 3
“ B (WEE) 4B (B WE) 4+ 200 22)
0X expl
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Since the method of material forces is based on the material motion balance,
which can be derived from the spatial motion problem

DivP+B =0 (23)

with the physical volume forces B by a pull-back operation into the reference con-
figuration [9]

F' DivP+F' B =0, (24)
a pull-back operation is employed to the first term of Eq. (22)
P: (WEF"") =P: WF = Div(E'P) - F' DivP. (25)
——
-B

This term corresponds to the derivation of material forces for elastic material.
The second term of Eq. (22), depending on the inverse viscoelastic deformation
gradient, can be expressed as

) S) o
FWE" =F — o =F[-F" QEF ™ W (26)

where [#]723 denotes an exchange of the components attributed to the second and
third index, yielding finally

P:(EWE'") =—F"(F'P): WE". @7)

Considering Eq. (14) and taking into account Egs. (22) as well as (25), the mater-
ial volume forces from the elastic derivation include a term resulting from physical
volume forces, like gravitational or centrifugal forces, and a second term accounting
for elastic inhomogeneities

d
Go=FB+ V| (28)
X expl

The material volume forces due to viscoelastic effects result in

G'=F" (F'P): RF' (29)
——
MU
=FT M KF’ (30)
=M KF" 31)

with the Mandel-stress tensor defined in the intermediate configuration, ﬂv, as the
work conjugated quantity of the history variable F.
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5 Example

In cooperation with partners within the research group “Fracture Mechanics and
Statistical Mechanics of Reinforced Elastomeric Blends”, conventional test config-
urations were examined with regard to their applicability in terms of the interpret-
ation of the two fracture mechanical parameters. Eventually, a quasi-static fracture
mechanical test with the multiple-specimen method was applied. In this test, sev-
eral identical single edge notched tension specimens were subjected to different
load levels causing different lengths of stable crack growth Aa (Figure 3). The di-
mension of Aa was measured. The corresponding J-value was determined with the
help of energy values calculated from the recorded load-displacement dependencies
considering the internal mechanical work as well as the elastic strain energy (cf.
Figure 1). The according J-Aa data pairs were plotted as crack resistance curves.

For the numerical simulation of this test, the viscoelastic material model presen-
ted in Section 2 was applied. For each crack length, a + Aa, the energy release
rate (without consideration of material body forces) and the crack-driving force
(with consideration of material body forces) were determined by the material force
method. The comparison of experimental and numerical results (Figure 4) proved
for the first time that the material forces with consideration of material body forces
can be related to the measured J-integral.

6 Conclusions

Although the context of material forces is widely used in today’s fracture mech-
anics (e.g. [7-9, 11]), the publications concentrate mainly on the examination of
elastic material features. The extension and adaption of the material force method
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to inelastic effects and stress softening of rubber-like materials under finite strains
is a new development, which allows to model the fracture mechanical behaviour
of filled elastomers more realistically. By taking into account the material volume
forces, different fracture mechanical effects of viscoelastic material, for example the
driving force on a crack tip and the driving forces on the viscoelastic zone, can be
evaluated.

It was shown that a realistic numerical investigation of the fracture mechanical
behaviour of elastomeric material requires the consideration of the time-dependent
inelastic properties.
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On Configurational Forces within
Green—-Naghdi Thermo-Hyperelasticity

Swantje Bargmann, Ralf Denzer and Paul Steinmann

Abstract The contribution’s main objective is the examination of configurational
forces in non-classical nonlinear thermoelasticity based on the approach of Green
and Naghdi. In the early 1990s, Green and Naghdi introduced a theory attracting
interest as heat propagates as thermal waves at finite speed, does not necessarily
involve energy dissipation and fully integrates the classical theory. A wide range of
heat flow problems can be modeled and the classical theory is fully embedded. As
configurational forces have proven to be well suited for the examination of defect
mechanics, a numerical example from that research area is discussed. The numerical
realization is based on Galerkin finite elements in space as well as in time.

1 Kinematics of Spatial and Material Motion Problem

A body B is considered to be a collection of continuum particles. A finite, isotropic
and homogeneous body is considered. Let X denote the fixed position of a particular
particle in the undeformed and stress-free configuration By, the region the body oc-
cupies at the initial time #p. X and 8B are called the particle’s material position and
the material configuration, respectively. Then the deformation of this configuration
is described by the time-dependent vector field of the nonlinear spatial deformation
map ¢, whereas the material deformation map ®, with which continuum particles
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Bo 0 B,
F, J,D;F
C > v
c < |4
f, j, d;f
[

Fig. 1 Spatial motion problem: kinematics.

are followed through the material at fixed spatial coordinates x, describes the inverse
motion problem

x=¢(X,t) and X=&(x,1). (1

x denotes the spatial position of the particle X in the deformed (spatial) configura-
tion B; at time ¢.

The deformation gradient F of the spatial motion map and its counterpart f of the
material motion problem, are defined by

F=%e((X,t) and f=YV®(x,1). (2)

The positive Jacobians will be denoted as J = detF > 0 and j = detf > O.
Furthermore, we introduce the right Cauchy—Green strain tensor C = F' - F as a
typical strain measure of the spatial motion problem. And in complete analogy, the
material motion right Cauchy—Green strain tensor is given by ¢ = f - f.

In what follows, the material time derivative of an arbitrary quantity {e} at fixed
material placement X will be denoted as D;{e} = 9;{e}|x. Accordingly, the spatial
velocity v can be introduced as the material time derivative of the spatial motion
map as v = D;¢ (X, t). The gradient and the divergence of an arbitrary quantity
{e} with respect to the material placement will be denoted as Vy{e} and Div {e},
respectively. Whereas, the spatial time derivative of a quantity {e} at fixed spatial
placements x is denoted as d;{e} = 0;{e}|,. Thus, it defines the material velocity
V:V =d; ® (x, ). Furthermore, V;{e} and div {e} denote the gradient and diver-
gence of an arbitrary quantity {e} with respect to the spatial placement.

Remark: Spatial vs. material motion kinematics

The spatial and the material motion problem are related through the identity maps in
Bo and B;: idg, = ®(@(X,1),t)and idg, = ¢ (®(x,1), ). Their deformation
gradients are simply related via the inverses as Fl = f(oX,1),t)and ! =
F(®(x,1),t) and e.g. the velocities via v = —V - F. The Euler theorem relates



On Configurational Forces within Green—Naghdi Thermo-Hyperelasticity 205

the material and spatial time derivative of any scalar— or vector—valued function {e}:
D/{e} = d;{e} + Vi{e} - vand d/{e} = D/{e} + Vx{e} - V.

2 Thermoelastic Model

The non-classical theory of thermoelasticity of Green and Naghdi [1] is based on
balance laws, i.e. the balance of energy and the balance of momentum, like in the
classical case. The novelty of the Green—Naghdi approach is the introduction of a
new thermal variable, i.e. the thermal displacement «:

t
a (X, 1) :=/ T(X,t)dt+ay or Dia=T. 3)
1

0

T represents the empirical temperature and ¢ denotes the initial value of the
thermal displacement « at reference time #p. For the sake of simplicity and with
out loss of generality, the absolute temperature 6 equals the empirical temperature:
0=T.

The existence of a scalar-valued, positive, polyconvex, objective, material spe-
cific and path independent free energy density v is postulated. As in the classical
case, Green—Naghdi thermo-hyperelasticity has a conservative structure implying
that ¢ plays the role of a potential for some of the constitutive relations, e.g. for the
stress. For the derivation of the energetically conjugated quantities in case of Green—
Naghdi thermo-hyperelasticity the reader is referred to the publication of Bargmann
and Steinmann [11].

The promising approach of Green and Naghdi [1] is based on the introduction
of three varying state spaces leading to three types of heat conduction, labeled type
I, IT and III. Thereof, type I corresponds to Fourier’s approach. Consequently, the
classical theory is fully included. In the following, we introduce and compare the
classical Fourier theory (Green—Naghdi type I) to the non-classical Green—Naghdi
theory of type III. Type III is the most general case: it contains type II as a limiting
case and allows thermal wave propagation. In the following, the thermal theories
of type I as well as type III are coupled with a classical Neo-Hookean hyperelastic
theory.

2.1 Type I - Classical Theory

Usually, heat conduction in solids is based on Fourier’s law which describes a dif-
fusive process and leads to the well-known parabolic heat equation. This classical
theory hypothesizes that the heat flux is proportional to the temperature gradient.
Most engineering applications are described accurately by this parabolic equation,
but at cryogenic temperatures material behavior can completely differ from that
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at room temperature. Predictions of the classical theory may diverge conspicuously
from experimental data. One of these situations occurs at temperatures near absolute
zero, where the phenomenon of second sound was discovered in the 20th century.
Moreover, Fourier’s theory predicts unnatural infinite transmission speed for parts
of local heat pulses.

In the following, the basic equations are revised. The constitutive equations may
depend on the right Cauchy—Green strain tensor C, the temperature D, = T and
the temperature gradient VyD;a = W T, thus

v =y (Do, yD;or, C) and H = H (D;o, VyD;r, C) . “4)

The constitutive equations for the free energy density i (acting as a potential for
the entropy density n and the mechanical stresses, i.e. the Piola stress P) reads:

" A5 T
poy ;==[C—1]:1+=In"J —pulnJ +poc| T —To—TIln—
2 2 To

InJ
—3wK [T — To] - [T — Tol So, (5)

with A and u denoting the Lamé constants and w, K and Ty are the thermal ex-
pansion coefficient, the bulk modulus and the reference temperature. py denotes the
body’s density in the reference configuration B¢ and c the constant specific heat.
The absolute entropy density Sp,

Ty
So = So(Tpy) = / cdT. (6)
0

is added to the free energy in order to scale the entropy. Otherwise the change of en-
tropy and not the entropy itself is denoted by n which would lead to reference tem-
perature depending internal configurational forces. The entropy flux vector H :=
— "TIWT is assumed to be isotropic in the reference configuration 8y and leads to
an isotropic heat flux vector Q following Fourier’s law Q = TH = —k1T.
Consequently, the spatial heat flux vector represents an anisotropic behavior, as
q=—jiKiF-F . \{T.

2.2 Type III — Non-Classical Theory

Fourier’s law is not suitable for modeling second sound as has already been shown
in the papers by Bargmann and Steinmann [2, 3]. The numerical results diverge
tremendously from the experimental data. The theory of type III (being a gradient
theory in time and in space) overcomes this drawback. It is a combination of the
classical Fourier theory (type I) and the Green—Naghdi theory without energy dis-
sipation (type II). The free energy density ¥ and the heat flux Q are assumed to be
functions of the thermal displacement gradient Vy«, the temperature D;o = T, the
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temperature gradient VyD;o = Vx T and the right Cauchy—Green strain tensor c.!
¥ =v (D, Yy, y Dy, C)  and H = H Dy, Vya, ¥ Drr, C)  (7)

We conclude the following relations for ¥ and @, based on those stated in [1]:

oot = Ec—1] :I+élnzj—,uan+poc[T—To—Tlnl}
2 2 To
3wk (T - T ™ 1T Tl so+ 2 e Ve
J 2bTy
H=-1 [Kim 4 ﬁwr] (®)
b Ty T

where b denotes a constant material parameter.

In the following, the governing equations of thermo-hyperelasticity are intro-
duced for the spatial as well as for the material motion problem. The mechanical
problem is primarily described by the balance of momentum, whereas the thermal
problem is characterized by the balance of entropy.

2.3 Spatial Motion Problem

The balance of momentum of the spatial motion problem reads
D; (pov) = DivP + pob )

P represents the Piola stress tensor and b is the momentum source.
The thermal problem is governed by the balance of entropy

Dy (pon) = —DivH + po[s + £], (10)

where n, H, s and £ > 0 are the entropy density, the material entropy flux vector, the
entropy source and the non-negative entropy production, respectively. Multiplying
the balance of entropy (10) by the temperature T results in

TD; (pon) = H - NxT — Div Q + poT [s +£]. (1)

Here, the material heat flux vector is related to the material entropy flux vector by
Q = TH, see [11]. The entropy density 7 is thermodynamically conjugated to the
empirical temperature 7. Moreover, the classical relation between the Piola stress
tensor P and the free energy density i holds:

1 Actually, as introduced by Green and Naghdi [1], the constitutive equations may also depend on
the thermal displacement «. However, we follow the usual procedure and define them independent
of «, leading to Eq. (7).
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aT oy oy
= —— d P:=pyp—, 12
(D) ar " PSE (12)

see [11]. Thus, the material time derivative of the entropy density renders D; (pon) =
podrnD; T — orP : D;F. Since the specific heat capacity ¢ can be defined by
¢ = T drn we finally obtain

pocD;T = H - VT — Div Q + poT [s + £] + Q. (13)

The thermodynamic coupling effect, i.e. the Gough—Joule effect, is caused by the
thermomechanical coupling term (Q(r)n“h = TorP : D,F.

2.4 Material Motion Problem

The so-called configurational forces are established by the balance of linear mo-
mentum of the material motion problem. The latter is defined as a projection of the
spatial balance of linear momentum onto the material manifold, i.e. by a premulti-
plication of —jF:

i.e. it is postulated analogously to (9) [15-17]. It balances the time rate of change
of the material motion momentum P with the material motion momentum flux p
and the momentum source p; B. The mass specific kinetic energy density k reads
k =V -C-V/2 and the material volume force is denoted by p, B. Moreover, the
two-point material momentum flux p is related to the classical material Eshelby
stress tensor via ¥ = Jp - f. We leave out the scalar-valued balance of entropy
of the material motion problem for the sake of brevity as it will not be used in the
computations.

Remark: Spatial vs. material quantities
At this point, relations between the material and the spatial quantities are stated
more detailed. Due to the vector-valued nature of the balance of linear momentum,
its material formulation differs more from the spatial one in contrast to scalar-valued
balance equations. The thermoelastic balance of pseudomomentum is derived fol-
lowing the way of Dascalu and Maugin [8] who present a rational and well docu-
mented derivation in case of type II. Thus, in case of type 111, the entropy equation
(10) is multiplied by the thermal displacement gradient Vy« and then inserted into
the balance of pseudomomentum.

Then, the Eshelby stress tensor ¥ reads & = o[y — k]I — F’ - P for the classical
typeland ¥ = po[yy — k]l — F' - P+ Vxa ® H for the non-classical type III.

The total thermoelastic pseudomomentum of type I is Py = poC - V and Pg =
poC -V — ponVx« in case of type III. At first, the appearance of the entropy density
n in the pseudomomentum might be seen a bit awkward. But as « is introduced
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10 density p 10 [kg/m?]
specific heat ¢ 100 [W/kgK]
thermal conductivity k1 100 [W/mK]

— thermal conductivity «3 100 [W/ Sme]

g thermal conductivity k5 0.001 [W/mK]

- A thermal exp. coeff. w 103 [1 /K]
Young’s modulus E 210000 [N/m?]
Poisson’s ratio v 0.4
reference temperature 7 10 [K]
10 absolute entropy So 1 [N/mzK]
—10 10 material parameter b 1

X [mm]

Fig. 2 Discretization and material parameters of two dimensional disc. The disc is fixed at nodes
A, B and C in both directions. The bold line indicates the crack of the specimen.

in analogy with the mechanical displacement u, why not regard 1 as some kind of

thermal momentum in analogy with the mechanical momentum? See also [9, 10].
The classical spatial volume force b does not contain any contribution from the

kinetic energy. Contrarily, the material volume force pg B can be expressed as

0
p0B = —poF' - b+ pon T — 22 ¥ — K. (15)

in case of type I, with pgBext = —poF’ - b being the external force. The internal
force poBint = ponVW T — podx ¥ can be interpreted as a measure of the material’s
inhomogeneity in the material motion context [15]. For type III, the material volume
force pg B reads

Wa J
poB = —poF' - b — posVxor — Vg <—) A0

e Rl A P

where Q) refers to part of the heat flux vector with is proportional to the temperature
gradient analogous to the theory of type L.

3 Discretization and Numerical Example

The numerical discretization is done with Galerkin finite element methods. First
the equations are discretized in space with a Bubnov—Galerkin finite element ap-
proach and subsequently the temporal discretization, applying a Galerkin time finite
element method, is carried out. The complete derivation of the discretization pro-
cedure is given in [13]. The result of the discretization of Eq. (14) is the discrete
balance of pseudomomentum of the material motion problem, which formally reads

Fom + Fitt — Fol — Fol = 0. (17)

int sur vol —
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t.=56s t=170s

Fig. 3 Two dimensional disc with crack. Heat conduction of type I. The temperature distribution
is plotted at times t = 0.01, 14, 28, 42, 56, 70 s.

The configurational node point inertia, internal, surface and volume forces take
the form

”el ne“ "el "en
Fon = / NijDPodv, F2h= f V.NL - p' dv,
e—l i=1 e—l i=1
nep Men . "el ”en
Fo' = AY. | Nip-nda,  Fol= / NipBdv  (18)
e=1i=1 0B/ e= 1 i=1
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t=0.01s t=14s t=28s

&
A2

t=42s t=56s t=170s

@
ee

Fig. 4 Two dimensional disc with crack. Heat conduction of type 1. The discrete configurational
node point forces F®” are plotted at different times.

with N, <i1> the shape function of the spatial discretization and A the assembly operator.

As a numerical example a cracked disc consisting of coupled geometrically non-
linear thermo-hyperelastic material is discussed. Figure 2 illustrates the spatial dis-
cretization of the specimen with a radius of 10 mm and the material parameters
stated in the table aside. In space, it is discretized with 12 constant strain trian-
gular and 84 bilinear quadrilateral finite elements. Moreover, the spatial mesh is
refined towards the crack tip. For the temporal discretization 10000 equidistant fi-
nite elements are applied. The specimen is fixed at nodes A, B and C (as indicated
in Figure 2), meaning the movement of the nodes mentioned is limited in x as well
as in y-direction. The disc is observed for 10 seconds, thus the time step equals
hy, =0.01s.

The disc has a temperature distribution of 10 K with a Dirichlet boundary of
20 K. The displacements are assumed to be zero in the beginning. In case of type
III, the thermal displacement « is initialized to be zero at every node. Figure 3
depicts the temperature development in the disc in case of thermoelasticity type I at
timest = 0.01s,7 = 14s,t =28s,t =42s,t = 56sand ¢t = 70 s. The heat
propagates diffusively from the boundary to the interior.

In Figure 4 the corresponding discrete configurational node point forces F® =

F;I;ﬁ + F2% 4+ F®" are shown. The dynamic configurational force does not vanish in

case of coupled thermoelastodynamics as considered in this example, i.e. Fg;,ﬁ # 0.
As the heat and the temperature gradient Vy 7' decrease at the boundary, the bound-
ary discrete node point material forces become smaller, too. Moreover, as the center

heatens up, configurational forces develop in this region.
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20

19

r=28s t=42s

Fig. 5 Two dimensional disc with crack. Heat conduction of type III. The temperature distribution
is plotted at times + = 0.01, 14, 28, 42, 56, 70 s. Heat propagates as a thermal wave from the
warmer boundary to the cooler middle of the disc.

The temperature distribution according to type III is illustrated as contour plots
in Figure 5. After the boundary is heated, the heat propagates as a thermal wave to-
wards the disc’s interior. However, due to the existing diffusive part of the heat flux,
the wave’s amplitude declines in the beginning. Because of the smaller diameter, it
starts to increase again as it travels towards the disc’s center point. Furthermore, the
computed discrete configurational node point forces F®# are shown in Figure 6. The
configurational node point forces decrease over time due to the decreasing heat flux
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t=0.01s t=14s t=28s

Fig. 6 Two dimensional disc with crack. Heat conduction of type III. The discrete configurational
node point forces F®" are plotted at different times.

Q and propagate along with the wave. Moreover, while pointing to the middle in
the beginning, their direction changes when the wave detaches from the boundary.

4 Conclusions

The objective of this contribution was the investigation of non-classical Green—
Naghdi thermo-hyperelasticity in context of the material force method. The dy-
namic, geometrically nonlinear, fully coupled problem of the classical theory of
type I and the non-classical theory of type III were considered and compared. Due
to the two different ways of heat propagation, the behaviors of the configurational
forces differs considerably when examining type I or III.

In general, configurational forces appear at places where thermal effects can be
understood as a source of continuously distributed defects. The fully coupled prob-
lem was studied in a cracked specimen. The configurational forces indicated the
tendency of the material inhomogeneity to move relative to their surrounding ma-
terial and, therefore, present a powerful computational tool when modeling ther-
moelastic defect mechanics.
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Translational Conservation and Balance Laws in
the Gauge Theory of Dislocations

Markus Lazar and Charalampos Anastassiadis

Abstract We present the translation gauge theory of moving dislocations which is
mathematically analogue to the Maxwell theory of electromagnetic fields. Such a
theory describes dislocations in an incompatible elastic continuum. The physical
state quantities in the dislocation gauge theory are the physical velocity vector, the
elastic distortion tensor, the dislocation density tensor and the dislocation current
tensor. We use gauge-principles like minimal replacement known from field the-
ories. We derive the equations of motion of dislocations. We give the isotropic as
well as the anisotropic constitutive relations for the present theory. Translational
conservation and balance laws are derived. We give the canonical as well as the
gauge-invariant currents. We show that the dynamical Peach—Koehler force is math-
ematically analogous to the Lorentz force in Maxwell’s theory of electromagnetic
fields.

1 Introduction

Dislocations are important crystal defects. After bending and twisting crystals con-
tain lots of dislocations. The dislocation is a defect breaking the translational sym-
metry. Furthermore, dislocations cause plasticity.

Why do we need generalized elasticity for dislocations? Elasticity breaks down
at small distances far from crystal defects and it leads to singularities in strain and
stress fields. Elasticity is a scale-free theory without characteristic length scales.
Moreover, ‘classical’ dislocation theory misses constitutive relations for the char-

Markus Lazar
Emmy Noether Research Group, Department of Physics, Darmstadt University of Technology,
Hochschulstr. 6, D-64289 Darmstadt, Germany, e-mail: lazar @fkp.tu-darmstadt.de

Charalampos Anastassiadis
Emmy Noether Research Group, Department of Physics, Darmstadt University of Technology,
Hochschulstr. 6, D-64289 Darmstadt, Germany, e-mail: anastassiadis @fkp.tu-darmstadt.de

P. Steinmann (ed.), IUTAM Symposium on Progress in the Theory and Numerics of
Configurational Mechanics, 215-227.
© Springer Science+Business Media B.V. 2009



216 M. Lazar and C. Anastassiadis

acteristic fields of dislocations. A promising candidate of an improved dynam-
ical theory of dislocations is the so-called translational gauge theory of disloca-
tions [1,2, 8,9]. The translational gauge theory of dislocations was introduced by
Edelen et al. [1, 2] and later improved by Lazar [5, 6] and Lazar and Anastassi-
adis [8,9]. Such a theory uses the field theoretical framework which is well accepted
in theoretical physics. In physics fundamental theories are gauge theories. There-
fore, we consider a gauge theory of dislocations which is analogue to the Maxwell
theory of electromagnetic fields. We want to investigate the (dynamical) Peach—
Koehler force in the framework of dislocation gauge theory and from the math-
ematical point of view if it is a Lorentz-type force. The analysis of the Lie-point
symmetries (translation, rotation, scaling), the symmetry of addition of solutions
and the gauge symmetry can be found in [8].

2 Dislocation Gauge Theory

In this section we want to explain how we can extend the theory of elasticity to a
gauge theory of dislocations. We consider the three-dimensional translation group
T (3) as the gauge group. In elasticity we deal with a displacement vector, u;, trans-
forming from the undeformed to the deformed states. The distortion tensor and the
velocity vector are defined by

Bij = uij, Vi = U (1)
which are obviously invariant under a ‘rigid’ translation transformation:
u?‘ =u; + fi, fi — constant translations. 2)

As a consequence the elastic Lagrangian is also invariant under a constant transla-
tion: L (v}, ,Bi*j) = £L(v;, Bij) due to vF = v;, ,Bi*j = Bi;. Thus, elasticity has a rigid
translational symmetry. On the other hand, one question arises: What about local
translational symmetry?

If we postulate a local translation transformation for u;:

u =u; + fi(t,x), fi(t,x) —local translations, 3)

the invariance of u;, u; j and £ is lost. The extension from the rigid to soft trans-
lation symmetry affects the transformation behavior of the Lagrangian .£ which
contains derivatives 1; and u; ; of the field u;. The soft symmetry transformations
on i#; and u; ; generate terms containing derivatives ﬁ(t, x) and f; ; (¢, x) of the
spacetime-dependent group parameters which spoil the former rigid invariance. In
order to compensate these terms, one is forced to introduce so-called gauge fields.
The translational gauge fields ¢; and ¢;; have the following inhomogeneous trans-
formation laws:
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of =i — fitt,x), ¢ =i — fij(t, %), )

where ¢; is a vector gauge field and ¢;; is a tensor gauge field. The gauge fields
couple to the field u; by T (3)-gauge-covariant derivatives:

vi i= Vi =ui +@i, Bij = Vi = uij+ ¢ij. &)

Thus, we have redefined the physical momentum v; and the elastic distortion f;; by
means of the gauge-covariant derivatives. Now v; and B;; are gauge invariant under
local T (3):

v =, Bl = Bij- (6)

Therefore, they are physical state quantities. In addition they are now incompatible
fields. Also we replace in the Lagrangian the partial derivatives of the field u; by
gauge-covariant derivatives

LG, ujj) —> LG, uij, ¢iy i) = L, Bij) = L], B)- @)

This is called minimal replacement (see, e.g., [1,2]). The translational gauge fields
@; and ¢;; give rise to additional physical state quantities. These physical state
quantities are the following translational field strengths

Tijk = Pik,j — Pijk» Lj = —¢ij + ¢ij (3
or in terms of B;; and v;
Tijrk = Bik.j — Bijks Lj = —vij + Bij (&)

called the dislocation density tensor (torsion tensor) and the dislocation current
tensor, respectively. Since they are state quantities, they have to be gauge-invariant:

T = Tijis I; = Ij. (10)
In addition, they have to fulfill the translational Bianchi identities (square brackets
indicate skewsymmetrization)

€iuTijkg =0, Tijk +2 Ligjx = 0. (11)

The first equation means that dislocations do not have sources and the second one
represents that the circulation of the dislocation current is proportional to the time-
derivative of the dislocation density.

Finally, we have four physical state quantities in the translation gauge theory of
dislocations, namely the physical velocity v;, the elastic distortion B;;, the disloca-
tion density tensor T;; and the dislocation current tensor /;;. Thus, the Lagrangian
is of the form: £ = £L(v;, Bij, Iij, T;jx). The Lagrangian of dislocation gauge the-
ory is given by
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1 1 1 1
£=T—W=Epiv,'—EO'ijﬂij—i-EDij[ij—ZH,'jkTijk. (12)

The canonical conjugate quantities read

3L 3L P y 2L )
_aL B — o 7
v, i oB:; LRy ik Tijk

bi:

where p;, o0jj, I;j, and H;j; are the physical momentum vector, the force stress
tensor, the dislocation momentum flux tensor, and the pseudomoment stress tensor,
respectively. The Euler-Lagrange equations derived from the Lagrangian £ =
L(v;, Bij, 1ij, T;ji) are given by

EN(L) = Dtg—i +D; aif,- - g—i =0, (14)

EY(£) =D, 2E +D,-£— 0L o, (15)
; I¢i Igij i

E?(£) =D, 9L + Dy 0L _ L _, (16)
! 06;j 0dijk 00

where D; and D; are the so-called total derivatives. Written in terms of the canonical
conjugate quantities (13), Egs. (14)—(16) take the form

D;pi —Djoij =0 (force balance), (17)
D;D;; + pi =0 (momentum balance of dislocations), (18)
D;D;j + Dy H;ji +0ij =0 (stress balance of dislocations). (19)

Equation (17) represents the force balance. The time-derivative of the physical mo-
mentum is the source of the force stress. It is a kind of continuity equation. Equa-
tion (18) is the momentum balance law of dislocations, where the physical mo-
mentum is the source of the dislocation momentum flux. Equation (19) represents
the stress balance of dislocations. Thus, the force stress and the time derivative of
the dislocation momentum flux are the sources of the pseudomoment stress. The
coupled system (17)—(19) together with the Bianchi identities (11) are analogous to
the inhomogeneous Maxwell equations of electromagnetic fields.

If we neglect the effects that the stresses may depend on the velocity v; and the
dislocation flux /;; and that the momenta may depend on the elastic distortion B;;
and the dislocation density T;;x, the anisotropic constitutive relations for a homo-
geneous material are given by

pi = Mijvj + Fijilj, (20)
Dij = Fiijve + Eijii I Q1)
0ij = Cijki B + Bijkim Tkim 22)

Hijx = 2BimijkBim + Aijkimn Timn, (23)



Translational Conservation and Balance Laws in the Gauge Theory of Dislocations 219

with the material tensors: M;j, Fijk, Eijki, Cijki» Bijkim and A;jgimn. They possess
the symmetries:

M,'j = Mji, 24)
Eijxi = Euij, (25)
Cijki = Cuiij» (26)
Bijkim = — Bijkmi, 27
Ajjkimn = Almnijk = —Aikjlmn = —Aijkinm.- (28)

Substituting the constitutive relations (20)—(23) into the field equations (17)—(19),
we obtain

M;jbj + Fijid ik — CijriBri,j — Bijkim Tikm,j = 0, (29)
Fiijvk,j + Eiju I, j + Mijv; + Fijilj = 0, (30)
Fiijok + Eijkt It + Aijkimn Timn k + 2 Bimijk Bim

+ Bijkim Trim + Cijri B = 0, (31

or just in terms of v; and B;;

M;jv; + Fije(Bjk — 0j.x) — CijkiBrt.j + Bijkim Bim ki — Bik.mj) = 0, (32)

Frijvk,j + Eijr(Br,j — vieij) + Mijvj + Fijr(Bjx — vjx) = 0, (33)
FrijOk + Eijii (Bri — k1) + Aijkimn Bin,km — Bimkn) + 2Bimijk Bim k
+ Bijkim (Bkm,i — Bri.m) + CijkiBri = 0. (34)

Equations (32)—(34) is a system of coupled partial differential equations for v; and
Bij-

For an isotropic and centrosymmetric medium the constitutive relations (20)—
(23) reduce to

pi = pvi, (35)

Dij = d\8jlvk + (d2 + d3) 1;j + (d2 — d3)1j;, (36)

oij = ASij Bk + (0 + ¥)Bij + (u — v)Bji, (37)

Hijx = c1Tijx + c2(Tjki + Txij) + c3(8ij Tux + 8ix Tij1), (38)

where p is the mass density and with 9 material constants u, A, v, c1, ..., c3 and

di, ..., ds. Then the field equations simplify to
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Table 1 This table lists the material parameters c;, dy, w, A and y for the translational gauge
theory of dislocations.

Edelen et al. Lazar and
[1,2] Anastassiadis [8]

u u %

A A A

14 0 14

cl 251 c]

(o) 0 (o)

3 0 c3

dy 0 di

dy 52/2 dr

d3 52/2 d3
pvi = MBjji — (w+¥)Bij.j — (m —v)Bjij =0, (39)

di(Bjj,i —vjji) + (d2 +d3)(Bij,j — vi,jj)
+ (d2 — d3)(Bji,j — vj ji) + pvi =0, (40)

d18ij (Brk — k) + (d2 + d3)(Bij — Vi, j) + (d2 — d3)(Bji — ¥j.0)
+ c1Bik, jk — Bijkk) + c2(Bjikk — Bjk,ik + Bkj,ik — Bri, jk)
+ c3[8ij (Bik.ix — Buie) + (Brk.ji — Brjki) ]
+ A8ij Bk + (e + ¥)Bij + (w — v)Bji = 0. (41)
The differences between the gauge theories of dislocations are mainly the choice
of the constitutive relations. In Table 1 we have listed the choice of the constitutive

relations given by Edelen et al. [1, 2]. It can be seen that Edelen’s constitutive rela-
tions are very special.

3 Conservation Laws

The Lagrangian .£ depends on the first derivatives of the dependent fields v;, ¢; and
¢ij. In this case the infinitesimal criterion of invariance [11] says that a Lie group G
is a variational symmetry if and only if

pr'v(L) + £ (D; X; +D;7) =0, (42)

where pr(! denotes the first prolongation (see [8]). After some standard calculations
(see, e.g., [7, 8]) we find the conservation law in characteristic form

DiA; + Dy Aq + QUEL(L) + QLEL(L) + QU4 EQy(£) =0, (43)

where the characteristics are defined by
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Qu = Uy — juaj — Tilgy, (44)
Q(p Wy — Xj(pﬁt j - TQq, (45)
Qaﬁ = qDaﬂ - Xj¢oz/3,j - T‘lsaﬂ (46)

Here the infinitesimal generators are defined by

Xi(x,t,u,9,¢) = , T(x, 1, u,9,¢) = , 47
36‘ e=0
3<pa
Uu(x,t,u,@,¢) = , Wo(x,t,u,@,¢) = — , (48)
e=0 36 e=0

] ;ﬁ

Gup(x,t,u,0,¢) = e
e=0

Therefore, if the Euler-Lagrange equations (14)—(16) are fulfilled, then Eq. (43) is a
conservation law

D;A4+D;A; =0, (49)

where A; is the associated flux and A4 is the conserved density. The corresponding
components A4 and A; of the conservation law (49) are given by

o 0L

Ag= L1+ + —+ —_—, 50
4 0! 0 Qaﬂam (50)
3£ oL
Ai = LX; + + (51)
Qa ou Ug,i Qa 3 Pa,i Qaﬁ a¢aﬁt

4 Canonical Currents of Translations in Space and Time

The translation acts on the independent variables. The Lie-point group transforma-
tion of the translation in space and time is given by the formulas

x5 = xi + exdii, 1" =1+ 4844, (52)
leaving the field variables unchanged
MZ = Uy, (p; = (pcu ¢;I3 = ¢Olﬂ' (53)

The components of the generators (47) corresponding to the infinitesimal transform-
ations (52) and (53) take the form

Xki = bki, T = 644, Uy =0, v, =0, byp = 0. (54)
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Using Egs. (50), (51) and (54), we obtain for the translational density and flux quant-
ities

0L 0L 0L
Ari = L6k — Ma,km — %,k% — Gap .k g’ (55)
Ak4=_uak£_(ﬂak£_¢aﬁk 3:,(3 , (56)
K aie P 9n K odap
g = —iig =g, 0 Gy 0 57)
i 0¢a,i 0Pap.i
. 0L . 0L . 0L
A44=£—Ma£—(ﬂa%—¢aﬂ%- (58)

In terms of the physical momentum p;, the dislocation momentum flux D;;, the
force stress o;; and pseudomoment stress H; jx they read

Pri = —Api = —L ki — 0ai Uak — Dai Qo k + Hupi Pap ks (59)
Pr := Ara = —Ppa Uak — Dap Gap i, (60)
S; := A4; = Oy tig + Dai $o0 — Hupi dup (61)
H = —Asg = —L + pyiig + Dap Pap- (62)

Here Py; is the canonical Eshelby stress tensor of dislocation gauge theory. The
vector % is the canonical pseudomomentum vector, S; denotes the canonical field
intensity or Poynting vector. The scalar J¢ is the canonical Hamiltonian. The con-
servation laws of the canonical pseudomomentum and the canonical energy are

D; Py —D; P =0, (63)
D, J# —D;S; = 0. (64)

First we observe that indeed they are conservation laws because no sources like
configurational forces appear. The total energy and momentum of the system are
conserved. However, they are not conserved separately. There is an exchange of en-
ergy and momentum between the two subsystems (elastic continuum, dislocations).
Therefore, in order to obtain configurational forces we have to investigate the two
subsystems.

4.1 Elastic Subsystem

First we deal with the subsystem of the elastic continuum. This system is usually
used in continuum mechanics. For the elastic subsystem we use the Lagrangian of
the elastic continuum
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1 1
£e=§17ivi—§ ijBij- (65)
So we obtain from (59)—(62) the following canonical quantities of the elastic sub-
system

Pk(,-e) 1= —Le Ok — Ogi Ua,ks (66)
P = = pa tia i (67)
8\ = 0ui ila. (68)
HO = — Lo+ py iq. (69)

The local conservation laws (63) and (64) become now balance laws. The balance
laws of the canonical pseudomomentum and canonical energy for the elastic sub-
system read
D2 —D;PY = 7, (70)
D,#© —D;S© =W, (71)

where the configurational force and power densities are

Fi = Pa Qo k — Uaﬂ‘baﬂ,k, (72)
W = — Do Pu + Oup Pap- (73)

4.2 Dislocation Subsystem

Now we investigate the subsystem of dislocations which is similar to Maxwell’s sys-
tem of electromagnetic fields. For the dislocation subsystem we use the Lagrangian
of dislocations

1 1

Lai = 5 Dijlij — 7 HijiTiji- (74)

So we obtain for the canonical currents of the dislocation part

Pk(;i) = —Ldi ki — Dui Pak + Hapi Pap i, (75)
P = —Dup Gup i (76)
Si(d) := Dyi $a — Hapi Pup. (77)
HY = —L4i + Dyp dup. (78)

The balance laws of the canonical pseudomomentum and canonical energy for the
dislocation subsystem read
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D2 —D; P = — 7, (79)
D,#H Y —D;sY = —w. (80)

As source terms we obtain the configurational force and the power densities with op-
posite sign because the complete system is conserved. Also we observe that the con-
figurational force (72) does not have the correct form of the Peach—Koehler force.
Moreover, all the canonical currents are not gauge-invariant.

5 Gauge-Invariant Currents

We have seen that the canonical translational currents neither produce the correct
configurational forces nor they are gauge-invariant. Therefore, we have to construct
the gauge-invariant currents from the canonical ones. From the physical point of
view, the gauge-invariant currents are the correct ones. From the mathematical point
of view, the method behind to construct the gauge-invariant currents is the so-called
Belinfante—Rosenfeld procedure (see, e.g., [10]). The result is given by

P = Pii + Di(Dai k) — Dp(Hapi dak), 61)
PE = P+ Dp(Dup bak), (82)
S® = S; — Di(Dai 9) + Dp(Hapi ¢0), (83)
H'® = 3 — Dg(Dup ¢0), (34)

where the gauge-invariant currents are defined by

Pk(lg) = —L i — 0ui Buk + Dai lok — Hupi Topk, (85)
?;fg) = —Pa Bak + Dap Topk, (86)
S = 64i vy — Hapi lup, (87)
H® 1= —L + pg v + Dag Iup. (88)

The conservation laws of the gauge-invariant pseudomomentum and Hamiltonian
are given by

D,2® —D;PY =0, (89)
D,#® —D;S® = 0. (90)

5.1 Elastic Subsystem

The gauge-invariant currents of the elastic system read
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PE® = — Lo 8t — Oui Buks o1
PEY = —pa B, 92)
S = 641 v, (93)
HED = — Lo+ py va. (94)

With Egs. (91)-(94), the balance laws of the elastic system are

D, {Pk(e—g) -D; Pk(lé-g) _ ?«k(g)’ (95)
D, #©® —D; S = we, (96)
where
FE = —pi Lk + 03 Tijk, o7
W =g I, (98)

are the gauge-invariant configurational force and power densities. In Eq. (97) we
have two contributions to the configurational force density. The first term is the
force density caused by the dislocation current density /;x in presence of the phys-
ical momentum field p; (see also [3,4, 13]). The second term gives the force density
caused by the dislocation density 7;jx in presence of the force stress field o;;. This
is just the static Peach—Koehler force density [12]. Thus, Eq. (97) is the dynam-
ical Peach—Koehler force density. Equation (98) is the interaction power density of
a moving dislocation in an elastic medium [3, 13]. The dynamical Peach-Koehler
force FPK) = — #(©® is analogous to the Lorentz force of electromagnetic fields:
?k(em) = pEk + €rim ji Bm. The configurational power density as energy exchange
between the two systems is similar to the electric power density in the Maxwell
theory: W™ = ji E; (p — charge density, j; — electric current, E; — electric field,
B; — magnetic field). If we substitute the anisotropic constitutive relations (20) and
(22) into (97) and (98), we obtain

?k(g) = —(M;jv; + Fijidjp) Lix + (CijimBim + Bijimn Timn) Tijk, (99)
W® = (Cijra B + Bijkim Tim) 1ij - (100)

Thus, for the anisotropic case core-core interactions between the dislocation densit-
ies and the dislocation currents give contributions in the Peach—Koehler force (99)
and interaction power density (100).

5.2 Dislocation Subsystem

The gauge-invariant currents of the dislocation part are given by
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Pk(id-g) = —Ldi 0ki + Dai lak — Hapi Tapk. (101)
P = Dag Tupr. (102)
S\ = — Hupi Iop. (103)
HO® = — Lyi + Dap Lup. (104)

If we use Egs. (75)—(78) and (101)—(104) for the calculation of the canonical and
gauge-invariant force and power, the same results as in Egs. (95), (96) and (97), (98)
appear, but with opposite signs:

D, 2 *® —D;PY = —5®, (105)
D, #@® _ D, Sl_(d-g> — _Ww®, (106)

6 Conclusion

We have presented a translational gauge theory of dislocations with a Lagrangian
L = L(v;, Bij, 1ij, Tijr) given in terms of the physical state quantities: physical
velocity vector, elastic distortion tensor, dislocation current tensor and dislocation
density tensor. Such a theory of dislocations possesses asymmetric stresses. Ten ma-
terial parameters enter the isotropic constitutive relations. We have shown that the
Peach—Koehler force is the source for the gauge-invariant Eshelby stress tensor of
the elastic and dislocation subsystems. The Peach—Koehler force is a material force
due to the incompatibility tensors (dislocation current tensor, dislocation density
tensor). From the mathematical point of view, the Peach—Koehler force is analog-
ous to the Lorentz force in the Maxwell theory of electromagnetic fields. The gauge
theory of dislocations is mathematically analogue to the Maxwell equations of elec-
trodynamics. The gauge group of the dislocation theory is the three-dimensional
translation group 7 (3) and, on the other hand, the unitary group U (1) is the gauge
group of the Maxwell theory. Moreover, the Maxwell theory possesses a Lorentz
symmetry with respect to the speed of light. Due to several speeds of sound, the
dislocation theory does not have, in general, a Lorentz symmetry.
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Configurational Forces in Continuous Theories
of Elastic Ferroelectrics

Vassilios K. Kalpakides and Antonios I. Arvanitakis

Abstract Domain walls in a ferroelectric crystal are considered as sharp interfaces,
so their motion is governed by field equations, jump conditions and an appropri-
ate kinetic relation between the domain wall velocity and the driving force. In
this article, a regularized version of the sharp-interface theory in ferroelectrics is
presented, by introducing a level set function that changes sign from domain to
domain smoothly and thus eliminating discontinuities. It is proved that consider-
ing level set functions as constitutive variables in the energy functional, the driv-
ing forces that move domain walls are configurational forces obeying the canonical
momentum equation. A new, recently proposed differential equation is used to de-
scribe the evolution of the level set function which keeps level set function closer
to a signed distance function as possible. Theoretical considerations and numer-
ical simulations show that configurational forces are closely related to the level set
description of sharp interface theories in solids. Moreover, it is displayed that in-
homogeneity forces drive the system successfully to the typical domain structure of
elastic ferroelectrics.

1 Introduction

The electromechanical properties of ferroelectric materials are closely related to
their microstructure, i.e. the domain structure. In a single crystal grain of a ferro-
electric material there are domains of uniform polarization. The boundary between
two distinct domains is called domain wall. A domain wall is an interface that sep-
arates phases of the material corresponding to different oriented polarization states.

In this article, at a first stage the sharp interface theory for elastic ferroelectrics
is developed. Based on this, a theory of domain wall motion by introducing an ad-
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ditional level set function is presented. The domain wall is the zero level set of this
function. In order to avoid discontinuities, domain wall is taken to be a transition
layer using a small regularization parameter that controls domain wall thickness.

Considering level set functions as constitutive variables, it is proved that forces
acting on domain walls are inhomogeneity forces and their expression enters the
canonical momentum (pseudomomentum) equation. Soft lead zirconate titanate was
chosen to perform computer simulations on ferroelectric domain structure.

2 Sharp Interfaces and Configurational Forces in Ferroelectrics

We assume an elastic ferroelectric body occupying an open set Q C %2, The region
Q is separated by a domain wall S; in two subregions €, and Q;" corresponding
to domains of different spontaneous polarization. The unit normal n to the domain
wall is directed from subregion €2, to 2.

The energy of the material in each region is assumed to be that of linear piezo-
electric materials

W(e,E) = %(e —e):ce—-e"—(e—e:d'E - %E (KE) —P" - E, (1)

where C, d, k denote the elastic, piezoelectric and dielectric tensors of the material,
respectively. Also, P? is the spontaneous polarization vector and e” the spontaneous
strain. The electric field E and strain e are given by the kinematical relations

E =-Vo¢,

1
e = Z(Vut (Vo)) @
where ¢ and u denote the electric potential and mechanical displacements, respect-
ively. Two distinct energy densities are considered corresponding to the two disjoint
regions €2, and 7, i.e.

Wy, in Qp
W_{Wz, in QFf )

The branches of the energy correspond to different phases of the material associated
with the orientation of the spontaneous polarization in each subregion. Within the
smooth regions the standard equations and constitutive relations hold

divo =0, divD=0, in Qj’ U, 4)
ow ow

o=—, D=——-, )]
oe JE

where o is the Cauchy stress tensor and D the electric displacement vector. On
domain wall S; one has to deal with the jump conditions
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el -n=0, [D]-n=0, (6)

where [o]] = ™ — @~ is the jump of any field across the domain wall S;.

The interface motion is determined by the normal velocity V = V(x,t) = v -
n. This motion is accompanied by energy dissipation which can be computed as
following [1, 7]

A:/deszO, 7)
S

where f = — (n- [X]In), with ¥ = WI — (Vu)o + E ® D denoting the Eshelby
stress tensor for electroelasticity.

Abeyaratne and Knowles [1] have proved that the solution uniqueness of such
problems needs a kinetic relation

V = V(f n). 3

Finally, gathering all the above information one can solve numerically the problem
of domain wall motion in a ferroelectric crystal. This approach is called local ap-
proach [5]. Approaches using configurational forces in interface motion problems
can be found in literature (see for instance [2, 7]).

3 The Level-Set Method

The main idea behind level set method is based on the implicit interpretation of a
surface (or curve) [8, 9]. A smooth, scalar function, ¥ (x, 1), x € 2 is introduced
with the following property

Qf ={xeQ| yx,0)>0}, Q ={xeQ|yx 1) <0}
St ={xeQ|yx1) =0} )

Notice that the interface S; is the zero level set of the function r; for this reason
is referred to as level set function. A simple example of such a function is the signed
distance function from the interface S;. Assuming that the interface is moving with
a given velocity field v(x, 7), the evolution equation for the level set function is of
Hamilton—Jacobi type [8]

oy

5~ VIvel=0. (10)

One can set the signed distance function as initial condition for the above equation.
Nevertheless, solving this initial value problem the level set function after some time
steps will not remain a signed distance function leading to numerical instabilities.
To remedy this, one has to solve an additional initial value problem after some time
steps [8]. Alternatively, one can use a variational level set method [4, 11] given by
the initial boundary value problem
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Iy .
o= pAY -+ VIVYL i Q

ot
Y(x,0) =vo(x), VxeQ,
VY -n=0, on 0%, (1)

where p is a penalizing parameter. The first term on the right-hand side of eq. (11)
keeps the level set function close to a signed distance function, while the second
term moves the level set according to a kinetic relation. Furthermore, the unit normal
n and the curvature « to the curve are given by

ne WV sz_(ﬂ» (12)
VY] VY]

respectively.

4 Continuous Energy and Configurational Forces

4.1 The Energy Function and the Level Set

For the needs of the level set method, one can write eq. (3) as an interpolation
between the two branches W and W»:

W(e,E, h) = Wy(e,E) + h(Wi(e, E) — Wa(e, E)), (13)

where h = H () is the Heaviside function. Next one can introduce a continuous
form of the energy by the use of a regularized version of the Heaviside function

1, Y > e,
07 1/, < —§,
He () = , (14)
l(l—kf—irlsin(ﬂ)), vl <e,
2 e T e

where ¢ is a parameter defining the width of the layer S, = {x € Q | [ (x, 1)| < &}.
Then, the energy function and the constitutive relations become

WE(ev E7 h&‘) = Wz(ev E) + hS(Wl (ea E) - Wz(ev E))7

ow;
os = L =0y 4 he(o] —0n), o = .
de Jde
oW, ow;
D.=——= =Dy +h(D; —Dy), Dj=— (15)

9E OE’
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where h, = H (). Notice that the non-continuity of the energy function on the in-
terface has been removed. Instead, it is now an inhomogeneous function in a narrow
layer around the interface.

Estimating the dissipation rate, one can define the driving force that moves the
level set function [3],

d
Ag=/an~vds—/D-n¢dv—E/WEdsz:
Q

2 2
oW, oy /BWS
A= — Wav=— | 225,V |V |dv, 16
. /awaz” SE8 (DY Vdy (16)
Q Q

where 8, () = H/(y) is the regularized Dirac function. Taking the view of Hou et
al. [3], we define the driving force as

in . A7)

The last step is to determine an appropriate kinetic relation between the above driv-
ing force and the normal velocity component of the zero level set function. In this
article the following expression is adopted

V = My fe + M> feln) — na|, (18)

where M1, M, are the mobilities of the isotropic and anisotropic term, respectively
and np, ny the components of n given by eq. (12). Thus, using eqgs. (15) and (18),
one can solve the field equations (4) and (11) accompanied by appropriate boundary
conditions to determine the domain wall motion.

To reveal the role that the configurational forces might play in this problem, eq.
(13) can be written in the following form

W(e,E,x) = W.(e,E, h;), (19)

so as to underline that the energy function depends on x explicitly. Then, the equi-
librium equation for configurational forces [6] holds

divX +fiph =0 (20)
where fi,n represents the inhomogeneity forces. A simple calculation gives

CAA )
ox  ohe

I W,
ox  0h,

finh = — H;(¢) S (YVI)VY. (2D
A direct conclusion is that the level set function introduces inhomogeneities in a
material. Combining eqs. (17), (20) and (21) one can write
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Fz=/ﬁ@mmwwwv=/dm-mmn=—/mwz~mw, 22)
Q Q

Q

where F), is the resultant driving force in the layer. The above relation shows that
the concept of material force can be naturally embedded in the framework of level
set method. Furthermore, it provides an alternative way to compute the driving force
by the use of the Eshelby stress tensor.

4.2 Two Level Set Functions

To study multi-phase problems, one has to introduce several level set functions and
write an appropriate expression for the total energy. Motivated by observed domain
patterns in a two dimensional ferroelectric sample, we introduce two distinct level
set functions 1, ¥». Thus, the body can be separated in four different phases cor-
responding to the four possible orientations of polarization in 2-d ferroelectrics with
tetragonal crystal symmetry

= {xeQYi(x, ) =0}, S ={xeQYax,1)=0}
QM =(xe Q| yi1(x,) >0 and ¥a(x,1) > 0},
Q  ={xe QY1) <0 and Y»(x,1) < 0}
Qf  ={xeQ|yi1(x,t) >0 and VYr(x,1) <0},
QT ={xeQY(x,1) <0 and Ya(x,1) > 0}. 23)
The above regions correspond to polarization phases P** = (0 po)T, P~ =

O —p)T, Pt =(py O)T,PT~ = (—po 0)T. Asbefore, a regularized energy
containing the four phases can be formulated as

We(e, E, h!, h?) = (Wy — Wh! 4+ (W3 — Wy)h?
+ (Wa + Wi — Wa — Wa)hlh? + Wy, (24)

where Wy, Wy, W3, Wy the energy expression of each region and hé = H,(y1) and
hg = Ha(w2)~

Our next step is to determine the driving force that moves each level set function.
Due to the non-homogeneous energy in eq. (24), one can write

oW W

W,
Tx = BRI+ s —58:(2) Vi

AW, WL
, =27 25
= (25)

&

2
f1nh + flnh’ fe -
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Notice in eq. (25) the crucial role of Dirac function 8, which confines the configur-
ational forces to act within the layer S,, where the inhomogeneities are present. The
field equations and boundary conditions for the four phases problem are

Vo, =0, V-D,=0, in

84
;il=m(m/fi—f<i)+Vi|V1/fil, in Q, i=12
oon=0, D,-n=0, Vy;-n=0, on 9%, (26)

where o, D, are taken by the constitutive eqs. (5). To complete this job, one has to
choose appropriate kinetic relations. In this case the following isotropic forms

Vi=Mf. Va=M;f7, 27)

have been adopted.

5 Computational Results

In this section, the above system is solved numerically. To this end, we have made
use of soft lead zirconate titanate the material parameters of which are taken [7],

126 53 0

C=| 53117 0 ]10"Pa, d=<_(6)52;)3107)10_2C/m2,
0 0 3.53 e
—0.0039
k= (1210 1078C/Vm, &’=| 0.0076 |, P°= 0 C/m?.
0 1.3 0 0.2

To describe the other three phases, apart from the modification of the polarization
vector, one has to change the piezoelectric tensor and the spontaneous strain. The
rest of the parameters used in this paper are: ¢ < 0.2, u ~ 107%1/s. The field
equations in each simulation were solved using finite element discretization in space
(Lagrange quadratic elements) and finite differences in time (forward difference
discretization).

In Figure 1, a domain of opposite polarization grows inside a mono-domain crys-
tal under external electric field. The kinetic relation that has been used in this com-
putation is given by eq. (18) with M; = 2 - 10~*m3/sN and M, = 0. Notice that
the domain grows vertically to reach the boundary. Then under the motion of 180°
domain walls expands to cover the whole region of the sample.

In Figure 2, a domain of horizontal polarization grows in a crystal with vertical
polarization under compressive stress. The kinetic relation used in this computation
is given by eq. (18) with M = 2 - 10~*m3/sN and M, = 20 - 10~*m?3/sN. This
type of kinetic relation forces the domain to grow faster at 45° from the applied
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Fig. 1 Domain of opposite vertical polarization grows in a ferroelectric mono-domain crystal un-

der external electric field. Zero level set represents 180° domain walls.

In Figure 3a, the profile of configurational forces on an 180° domain wall is

stress axis, since such behavior is experimentally observed. The domain grows until
displayed. As one can see, configurational forces take non zero values within the

it reaches the boundary, then under the motion of 90° domain walls expands up to

occupy the whole crystal.
various instants. Note that the peak is on the zero level set and the inhomogeneity

norm is plotted at a specified height from one edge of the crystal up to the other at
travels through the material up to the right end where it vanishes.

Fig. 2 Domain of horizontal polarization grows in a ferroelectric mono-domain crystal under com-
narrow layer representing the domain wall. In Figure 3b, the configurational traction

pressive stress. Zero level set represents 90° domain walls.
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Fig. 3 Profile norm of material forces on a moving 180° domain wall and horizontal cross-section
plot of the norm at different times.

greesnennnn,

Fig. 4 The evolution of the level set functions in the case of a ferroelectric with four phases.

Also, we simulate the four phases of soft lead zirconate titanate as developed in
Section 4.2. In Figure 4, the evolution of an arbitrary domain structure is illustrated.
We choose two intersecting ellipses as initial values for the two level set functions
and M| = M), = 2-10~*m3/sN. The initial structure evolves until it reaches an
equilibrium state. This vortex domain structure is quite typical to ferroelectrics and
it is in agreement with experimental and theoretical results [10].

Last, in Figure 5 the electric energy density and the driving forces on each level
set are plotted as functions of time. As expected, during domain evolution depicted
in Figure 4, the energy of the material reaches a minimum and configurational forces
tend to zero.
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Fig. 5 Driving forces on level set functions and electric energy density with time.
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A Variationally Consistent Approach for Crack
Propagation Based on Configurational Forces

Jorn Mosler

Abstract This paper is concerned with a variationally consistent approach suitable
for the analysis of cracking in brittle materials. In line with the pioneering works
by Griffith, it is assumed that a crack propagates, if this is energetically favorable.
However, in order to bypass the well-known defects of Griffith’s original idea such
as the requirement of a pre-existing crack, a modified energy-based criterion is pro-
posed. In contrast to Griffith and similar to Francfort and Marigo, the novel cracking
model is based on a finite crack extension. More precisely, new crack surfaces form,
if this leads to a reduction in energy within a finite (but not global) neighborhood.
The features of the advocated model are critically analyzed.

1 Introduction

Since the pioneering work [1] by Griffith has been published, energy-based criteria
have been frequently applied to the analysis of crack propagation. The underlying
mathematically and physically sound idea is that a crack propagates, if this is ener-
getically favorable. For the derivation of this strategy, Griffith analyzed the force F
associated with a (material) variation of a crack tip and postulated that a new crack
segment would form, if F' reached a critical threshold, i.e., F > Fcp, with Fei
denoting a material parameter. Clearly, F' represents a material or configurational
force, cf. [2]. Unfortunately, Griffith’s model shows some problems.

Griffith’s model was critically analyzed in [3,4]. Francfort and Marigo showed
that Griffith’s local criterion cannot predict crack initiation, and in its original ver-
sion, it does neither provide any information concerning the length nor the direction
of the new crack segment. Based on this observation, Francfort and Marigo advoc-
ated a global criterion. Conceptually identical to the ideas proposed by Griffith, they

Jorn Mosler
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considered a minimization problem of the type

inf I(Te.g),  with 1<rc,<p)=/wbuu< dV+/ws dA. (1)
P
Q I

Here, Wy and Wy are the Helmholtz energy of the bulk 2 and the surface energy
associated with the formation of new crack surfaces, ¢ denotes the deformation
mapping and I is the crack surface. Obviously, the topology of the crack surface I'¢
is usually unknown. According to Eq. (1), crack propagation is understood as a com-
petition between surface energy and energy released in the bulk. Although the global
criterion (1) eliminates the aforementioned problems associated with Griffith’s the-
ory, it induces some new difficulties. From a mathematical point of view, Eq. (1)
represents a so-called free discontinuity problem. The computation of the solution
of such a problem is far from being straightforward. Even more importantly, in ad-
ditional to these technical difficulties, the global energy minimization problem (1)
may lead to non-physical minimizers. Such a pathological example was recently
given by Larsen [5]. Larsen analyzed a brittle bar (in this case, Wy = const denotes
the fracture energy of the considered material) subjected to a one-dimensional (ho-
mogeneous) tension stress state. Clearly, if this bar cracks, the energy necessary for
forming the crack I'c equals W fr dA. As a consequence, a crack will develop, if
the Helmbholtz energy of the bulk material reaches the critical threshold

W, [ dA
re

Tav @
Q

Whuk =

Here, it is assumed that Wy, is spatially constant. According to Eq. (2), for a pris-
matic bar with length /, Eq. (2) results in

Woutk = Ws/! 3)

As a result, crack initiation depends strongly on the length of the bar. Clearly, even
if stochastic effects are taken into account, this dependency is too pronounced in
Eq. (3) and thus, the model (1) is not in line with experimental observations.

Griffith’s local criterion and the global counterpart proposed by Francfort and
Marigo can be recast into the unified framework

inf [(Teg), with [T, 9) = / Wpux AV + / wodA. @)
€9
EcCQ I'.CE

By setting E = €2 the approach advocated by Francfort and Marigo is obtained,
while the limiting case diam(E) — 0 corresponds to Griffith’s method (diam de-
notes the diameter).

In this contribution, the truly non-local minimization problem (4) with
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0 < diam(FE) < diam(£2) (®)]

is analyzed. As a prototype, the model is implemented by employing the so-called
Strong Discontinuity Approach (SDA), cf. [6-9]. In this contribution, it will be
shown that the resulting finite element formulation allows to model crack initiation
consistently and that the approach avoids the non-physical minimizers predicted by
the global model proposed by Francfort and Marigo [3,4].

2 The Strong Discontinuity Approach — Fundamentals

In this section, the kinematics associated with the Strong Discontinuity Approach
(SDA) as introduced in [6] is briefly presented. For an overview, the interested reader
is referred to [9, 10].

First, the general case dealing with mixed-mode failure is discussed in Sec-
tion 2.1. Subsequently, the kinematics corresponding to the formation of slip bands
occurring in ductile materials is addressed in Section 2.2.

2.1 Kinematics Associated with Mixed Mode Brittle Failure

According to Simo et al. [6] and without going too much into detail, the discontinu-
ous deformation mapping (more precisely, the displacement field) characterizing the
SDA is given by

u=1a-+[ul (H—¢), with @eceC R, R, ¢gec®Q,R). (6

Here and henceforth, &, [u], Hs and ¢ represent a continuous displacement field,
the displacement discontinuity, the Heaviside function (H; = 1,VX € Q+t and
H; = 0,VX € Q7, see Figure 1) and a scalar-valued ramp function (not to be
confused with the vector-valued deformation mapping), respectively. The smooth
ramp function ¢ allows to prescribe the Dirichlet boundary conditions in terms of &
(see [7,11]).

Applying Eq. (6) to the finite element method, the displacement field within the
considered element e is approximated by using standard interpolation functions N;.
More precisely,

n
=Y N il e Q¥ R (7
i=1

and
an

¢ =) NiecCXQ R). (8)
i=1
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Q+

X3 X e

Fig. 1 Body Q C R? separated into two parts Q~ and Q* by a two-dimensional submanifold 852
of class C!.

In Eq. (8), the sum over all shape functions corresponding to nodes belonging to the
closure of Q7 is computed. Further details may be found in [9].

With approximation (7) and (8), the deformation gradient ¥ = GRADg can be
computed. It results in

F =1+ GRAD# + [u] ® N §s — [u]l ® GRADe. C))

In Eq. (9), a spatially constant displacement discontinuity GRAD [u] = 0 is as-
sumed and the dirac-delta distribution denoted as & is introduced. According to
Eq. (9), the regularly distributed part of the deformation gradient governing the ma-
terial response in Q% := Q7 U Q7 reads

F=F —[u] ® GRADg with F :=1-+ GRADa. (10)

2.2 Kinematics Associated with Slip Bands

The kinematics as defined in the previous subsection is associated with the most
general case ranging from mode-I to mode-II and mode-III failure. However, some-
times, e.g., for the analysis of slip bands, it is more convenient to modify the kin-
ematics a priori according to the considered physical phenomenon.

In this section, the deformation characterizing slip bands is analyzed. Hence,
the displacement jump [u] is orthogonal to the spatial normal vector n = F~T .
N/|F~T . N| (the push forward of N), i.e.,

n-[u] =0. (1)

Introducing the so-called material displacement jump J := F~' . [u]], Eq. (11) can
be re-written as
J-N=0 (12)
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and Eq. (10) results in .
F=F —F - J®GRADg. (13)

Alternatively, the additive decomposition (13) can be recast into the equivalent mul-
tiplicative counterpart

F=F.F/, with F/:=1- J®GRADg. (14)

Here, the identity F - J = F-Jis applied. It bears emphasis that this identity is only
fulfilled in case of mode-II or mode-III failure, i.e., if J - N = 0. Interestingly, the
multiplicative decomposition (14) is formally identical to that used in finite strain
plasticity (more precisely, crystal plasticity). Further details concerning this analogy
may be found in [8,9].

3 A Non-Local Crack Initiation Criterion

In this section, a variationally consistent formulation suitable for the analysis of
deformation-driven, localized material defects such as cracks or shear bands is pro-
posed. For that purpose, the underlying variational framework is introduced in Sec-
tion 3.1. Subsequently, both limiting cases of material failure are carefully analyzed.
While Section 3.2 deals with brittle fracture, the opposite, namely a ductile slip
band, is addressed in Section 3.3.

3.1 Fundamentals

It is well known that the Strong Discontinuity Approach (SDA) in its original form
is based on a Petrov—Galerkin discretization, cf. [9]. Hence, it is not variationally
consistent. More precisely, the SDA cannot be derived from a potential in general.
However, if the failure surface (crack or shear band, see Figure 1) is parallel to
one of the boundaries of the cut finite element, a symmetric scheme is obtained,
see [9]. Consequently and for the sake of simplicity, the aforementioned condition is
assumed to hold true. Clearly, within a (standard) SDA-based finite element analysis
this condition is usually too restrictive in practice. Therefore, a combination with
adaptive strategies such as r-adaptivity is required, cf. [12, 13].

In line with Griffith’s local criterion and Francfort’s and Marigo’s global coun-
terpart, we advocate the non-local minimization principle

Finfi(FC,(p), with I (T¢, @) = / Wk AV + / W, dA.  (15)
9
ECQ I'e.CE

with Wyyx and W denoting the bulk energy and the surface energy of the considered
body. The neighborhood E C €2 is defined as the domain of the respective finite
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element e. Alternatively, assuming that the crack is aligned with the facets of the
finite elements (The topology of the crack is to some extend known in advance and
it is approximated by means of a finite space), Eq. (15) can be re-written as

inf I, [ul), with (@, [u]) = / Woui (@, [ull) dV + / Wy ([u]) dA.
lel ECQ [.CE
(16)
Suppose the continuous part & as well as the discontinuous part [«] of the dis-
placement field have been computed by means of minimization problem (16) (it will
be shown later that this leads to physically sound solutions). The respective solution
is denoted as #,,, [u]l,. Based on this solution and the respective boundary condi-
tions at time #,41, the goal is to compute the updated variables @,,+1 and [u]], 4.
Clearly, if no new crack segments form, the new solution can also be computed by
relaxing the energy with respect to &,+1 and [u]],, (and some additional restric-
tions). However, first it has to be checked, if a new crack forms. For that purpose,
the energy associated with an uncracked body

I, = / Yok (F) AV (17)
Qe

is compared to that of the cracked counterpart, i.e.,

I = int { [ wounBopum av [ i as . as)
Qe Fece F =const

Since within the SDA the displacement discontinuity is modeled in an element-wise
fashion, the computation of the aforementioned energies can conveniently be restric-
ted to the considered finite element e. It bears emphasis that similar to computational
plasticity (cf., the return-mapping scheme), the aforementioned crack initiation cri-
terion is checked several times within a considered loading increment (the same
holds for the yield function in plasticity theory). By doing so, it is guaranteed that
crack propagation is governed by means of a physically sound state (converged).

Remark 1. The crack initiation criterion (17) and (18) can only be applied to fully
open cracks (or shear bands). If micro-defects characterized by non-vanishing trac-
tion vectors are to be modeled, dissipation has to be added to Eq. (18).

Remark 2. The crack initiation criterion (17) and (18) shows a similar size effect as
the model proposed by Francfort and Marigo [3]. However, without going too much
into detail, this effect can be eliminated by replacing Eq. (18) by the more general
minimization principle

Lgise = nf /‘Ifbulk(i’, [u]) dV + I / W ([u]) dA . (19

§ FeCQe F:const
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Here, [ = 1/||GRADg]|| is the characteristic length of the considered finite element,
cf. [14,15]. It can be shown in a relatively straightforward manner that the modified
crack initiation criterion is purely local in nature (stress based). This is a direct
consequence of the locally incompatibly enhanced displacement field associated
with the SDA.

3.2 Mixed Mode Brittle Failure

In this subsection, the variational framework as briefly introduced before is applied
to the analysis of brittle fracture. Hence, the surface energy W; is constant and fur-
thermore, it is identical to the fracture energy of the respective solid. To prove that
the proposed energy-driven method leads to physically sound results, the stationar-
ity condition corresponding to a fully open macro-crack is analyzed. Obviously, in
this case, the stress vector T := P - N acting at such a crack is supposed to vanish.
Here and henceforth, P denotes the first Piola—Kirchhoff stress tensor.

The condition T = 0 characterizing brittle fracture can be checked in a straight-
forward manner by computing the stationarity condition associated with Eq. (18).
Applying Eq. (10), it results in

Mise _ / OWhulk 4, _ —||GRADg| /T dv =0. (20)
Il ~ J oliul J

Here, the definition of the first Piola—Kirchhoff stress tensor P := df Wy, together
with the identity
GRAD¢ = N ||GRADg||, 21

have been used. Eq. (21) is a direct consequence following from the assumption
that the crack or the shear band surface is aligned with one of the facets of the finite
element. Furthermore, a linearly varying ramp function ¢ is considered, i.e., ¢ € Py.
As evident from Eq. (20), the model indeed predicts a stress-free macro-crack (in
an average sense).

3.3 Slip Bands

The applicability of the proposed variational method to the analysis of shear bands
can be proven in the same manner as shown for brittle cracks. For the sake of sim-
plicity, it is again assumed that W = const. However, the more general case, i.e.,
W = Wg(J) does not rise any new problems.

In case of slip bands, it is more convenient to start from kinematics (14), i.e.,
the multiplicative decomposition of the deformation gradient. With this split, the
stationarity condition reads
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oI, ow
M 5 _ / bulk 57 dV = —|GRADg| / (" P]-N}orav, @)

a0J

with §J denoting the variation of J. Hence, the stress vector T = [ﬁ‘ " P]-N
(intermediate configuration) has to vanish for any tangential direction (in case of
slip bands,  J belongs to the tangent plane). Consequently, the proposed variational
model enforces the constraints associated with shear bands naturally (in an average
sense).

4 Conclusions

In this paper, a fully variational framework suitable for the analysis of localized ma-
terial failure such as cracking in brittle materials or shear bands in ductile metals has
been developed. Based on the (embedded) Strong Discontinuity Approach (SDA),
the final failure kinematics of solids characterized by a discontinuous deformation
mapping is approximated. In contrast to previous, conventional models, the un-
known deformation including the displacement discontinuity follows naturally by
minimizing the energy of the respective solid. Clearly, besides the physical interpret-
ation of cracking as an energy minimizer, the variational formulation shows several
significant advantages compared to classical methods. For instance, the proposed
minimum principle opens up the possibility of deriving error estimates necessary
for adaptive finite element analyses.

The presented energy-driven approach is in line with Griffith’s classical local
criterion and Marigo’s and Francfort’s global extension. More precisely, the energy
within a non-local neighborhood, i.e., the domain of the respective finite element, is
analyzed. Interestingly, it turns out that the final model does not involve any length
scale concerning the spatial discretization. Furthermore, by incorporating the char-
acteristic length of the considered finite element into the minimization principle,
a purely local crack initiation criterion is obtained (stress based). This reflects the
local incompatibility of the enhanced displacement field associated with the adopted
Strong Discontinuity Approach (SDA). For models showing a compatible discon-
tinuous part of the displacement, the proposed minimization principles have to be
carfully analyzed in the future.
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Computational Homogenization of Defect
Driving Forces

Sarah Ricker, Julia Mergheim and Paul Steinmann

Abstract Due to the fact that many engineering materials and also biological tissues
possess an underlying (heterogeneous) micro-structure it is not sufficient to simulate
these materials by pre-assumed overall constitutive assumptions. Therefore, we ap-
ply a homogenization scheme, which determines the macroscopic material behavior
based on analysis of the underlying micro-structure. In the work at hand focus is
put on the extension of the classical computational homogenization scheme towards
the homogenization of material forces. Therefore, volume forces have to incorpor-
ated which may emerge due to inhomogeneities in the material. With assistance of
this material formulation and the equivalence of the J-integral and the material force
at a crack tip, studies on the influence of the micro-structure onto the macroscopic
crack-propagation are carried out.

1 Introduction

The main goal of the current work is the combination of the concept of computa-
tional homogenization with the concept of configurational mechanics. Homogen-
ization schemes which incorporate simulations on different length scales play an
important role in the simulation of heterogeneous materials. Apparent classes of
such materials in the field of engineering applications are given, e.g., by compos-
ite materials, metal foams which are often used in lightweight construction due to
their strength—weight ratio, or different kinds of alloys. Another application is the
prediction of the mechanical behavior of biological tissues like bones or pulmonary
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tissue, which is of great interest in biomechanical simulation. In the computational
homogenization scheme applied here, the macroscopic response at a certain mater-
ial point is determined by analysis of its underlying micro-structure. Therefore in
each macroscopic simulation point of interest the microscopic setting is attached
via a so-called representative volume element (RVE). On the macro-level no con-
stitutive assumption is stated because the required quantities, which are the stress
and the tangent modulus in the applied deformation-driven scheme, emerge from
an averaging over the RVE. Due to this nested solution scheme, wherein for each
macroscopic simulation point a finite-element simulation is performed on the mi-
croscopic RVE, this particular approach is denoted as FE? method in the work of
Feyel and Chaboche [3] or Feyel [4]. For further reading on this computational ho-
mogenization scheme the reader is referred, e.g., to the work of Kouznetsova et al.
[6] and Miehe [8, 9].

The fundamental feature of this work is the extension of the classical computa-
tional homogenization towards the homogenization of material or configurational
forces. Therefore, in contrast to state-of-the-art homogenization schemes, volume
forces have to be taken into account, which in the material motion problem occur
due to, e.g., inhomogeneous materials. The material formulation in the sense of
Eshelby, which is inverse to the spatial motion problem, is motivated by the follow-
ing description of Eshelby in [2]:

... the total energy of a system . .. is a function of the set of parameters neces-
sary to specify the configuration of the imperfections. The negative gradient of
the total energy with respect to the position of an imperfection may conveni-
ently be called the force on it. This force, in a sense fictitious, is introduced to
give a picturesque description of energy changes, and must not be confused
with the ordinary surface and body forces acting on the material.

Thus, it can be summarized that in contrast to classical spatial forces in the sense
of Newton which are linked to the variation of spatial positions of physical particles
with respect to the ambient space, the material forces in the sense of Eshelby are
linked to the variations of material positions of physical particles with respect to
the ambient material. Therefore, this material formulation exhibits a wide range
of applications in the field of defect mechanics. It can be shown that the material
force at a crack-tip corresponds to the J-integral, introduced by Rice [11], and thus
yields a criterion whether a crack propagates or not. Further details describing the
material motion problem and its application to fracture mechanics can be found in
the textbook by Maugin [7] and, e.g., in the work of Steinmann [12], Steinmann et
al. [13], Denzer et al. [1] among many other publications in this field.

The current work is structured as follows: In Section 2 the governing equations
for the spatial and the material motion problem, which are given by the kinematics
and the balance equations, are reviewed. In Section 3 the averages of the variables
of interest are summarized for the spatial and the material motion problem. Then, in
Section 4 the essential theorems and the boundary conditions, which are necessary
to perform the scale-transitions, are elaborated. The influence of different micro-
structures onto the macroscopic behavior as well for the spatial as for the material
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motion problem is studied by numerical examples in Section 5. The work is closed
by the conclusions given in Section 6.

2 Governing Equations

In the following the governing equations for the spatial as well as for the mater-
ial motion problem are reviewed. No distinction is made between the macro- and
the micro-level, due to the fact that the kinematics and the balance equations are
valid for both levels. Please note that in the homogenization scheme the constitutive
assumption is only stated at the micro-level, because the macroscopic behavior is
obtained from the analysis of the microscopic RVE.

2.1 Governing Equations for the Spatial Motion Problem

In the spatial motion problem a body 8¢ with material points X is considered. These
points are mapped to the spatial configuration via the deformation map ¢, whose
gradient yields the deformation gradient tensor:

de

x=¢X) and F=—

X’ M

The spatial motion Piola stress tensor and the body forces are given in terms of the
energy functional Uy
Uy Uy
P=— d bp=——. 2
oF "0 0T T @
The connection between the Piola stress and the Cauchy stress is given by the fol-
lowing push-forward operation

o =det(F)"'P.F". (3)

This set of equations is completed by the quasi-static balance of momentum which
reads
—DivP=by = —dive =b, = det(F)~" by. (4)

Thereby, Div(e) and div(e) denote the divergence operators with respect to the ma-
terial coordinates X and the spatial coordinates x.
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2.2 Governing Equations for the Material Motion Problem

In the material motion problem a body &B; with spatial points x is considered. In
analogy with the spatial motion problem we define the deformation map and the
deformation gradient as

0o
X=®(x) and f=-—. (5)
ox
The material motion two-point stress and the body forces are given in terms of the

energy functional U,
a U t a Ut
= — d Bi=——, 6
p of an t 9X (6)
wherein U, is obtained via U, = det(f) Uy. The connection between the material
two-point stress and the Eshelby stress is given by the following pull-back operation

T =detth'p-f. (7)

This set of equations is completed by the quasi-static balance of momentum which

reads
—divp=B; = —DivX =Bj=det(f)"!B,. (8)

3 Homogenization

In order to determine the averaged or homogenized macroscopic quantities an aver-
aging over the micro-domain has to be established. Therefore, in our deformation-
driven framework we apply the macroscopic deformation gradient tensor Fys via
admissible boundary conditions onto the RVE. After solving the microscopic bound-
ary value problem within a finite-element scheme the homogenization procedure is
carried out. The homogenized quantities are not simply defined as the volume av-
erages over their microscopic counterparts, but as averages over boundary terms of
the RVE. This modus operandi has already been proposed by Hill in [5]:

Macro-variables intended for constitutive laws should thus be capable of
definition in terms of surface data alone, either directly or indirectly. It is
not necessary, by any means, that macro-variables so defined should be un-
weighted volume averages of their microscopic counterparts. [...] Accord-
ingly, we approach the construction of macro-variables by first identifying
some relevant averages that depend uniquely on surface data.

Note that in the following macro-variables are denoted by (e) ;s and averaged vari-
ables by (e). Non-indexed variables belong to the micro-level.
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3.1 Averaged Variables for the Spatial Motion Problem

In this section we summarize the desired homogenized variables for the spatial mo-
tion problem as averages over the boundary of the RVE. Firstly, we need the average
of the deformation gradient tensor, which is defined by:

_ 1
F::—fq)@NdA 9)
Vo
Vo

where V) denotes the volume of the RVE in the material configuration, ¢ the spatial
micro-deformation mapping and N the normal vector of the boundary of the RVE
in the material configuration. Furthermore, the averaged Cauchy stress is defined as
the average of the product of the traction vector ty and the deformation mapping
vector ¢

6:=iftt®<pda (10)

Vi
v

where V; denotes the volume of the RVE in the spatial setting. For further insight
into the averaging of variables, the reader is referred to the textbook by Nemat-
Nasser and Hori [10].

3.2 Averaged Variables for the Material Motion Problem

In analogy with the spatial computational homogenization scheme, in the material
homogenization scheme averages of the microscopic material quantities have to be
defined. Firstly, we consider the average of the material deformation gradient tensor,
which reads

f=— [ ®®nda. (11)

Therein, ® denotes the microscopic material deformation map, i.e., ® = (p‘l holds,
and n identifies the normal vector on the boundary of the RVE in the spatial config-
uration. Furthermore, the material Eshelby stress X is obtained via

1
Z::V /To®<I>dA+/Tf)®<I>dA . (12)
0
Vo EN)
The material traction vector on the boundary is denoted with To and is ob-

tained through To := X - N. The tractions at the interface 4y are defined as
Ty = (To)1 + (To)2 = Ty - Ni + X3 - Na. The interface integral needs to be incor-
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porated due to the fact that the configurational tractions on opposite sides of the
interface are not in equilibrium.

4 Scale-Transition and Boundary Conditions

In order to connect the macroscopic simulation points and the underlying micro-
RVE a scale-transition has to be performed. In case of the applied deformation-
driven scheme, this macro-micro transition is performed by solving a boundary
value problem on the micro-scale, driven by the macroscopic deformation gradient.
After solving this particular microscopic boundary value problem the micro-macro
transition is performed via averaging the desired variables according to Section 3.

4.1 Spatial Motion Problem

The microscopic deformation map for the spatial motion problem is given in terms
of the macroscopic deformation map ¢, the deformation gradient tensor Fj; and
the spatial fluctuations w

oX) = oy +Fy - X+ w(X). (13)

In order to perform the scale-transition in a consistent manner the Average-Strain
Theorem, which claims the equivalence of the macroscopic and averaged deforma-
tion gradient, has to be fulfilled:

F=Fy. (14)

This constraint yields two types of admissible boundary conditions, namely dis-
placement boundary conditions

w=00ndVy (15)
and periodic displacement boundary conditions
wht=w" on 0Vo=09V] UdV;. (16)

Please note that in case of periodic boundary conditions it follows directly from the
microscopic equilibrium that the tractions behave anti-periodically, i.e., tg’ = —t,.

After defining the boundary conditions for the scale-transition focus is put onto
the variation of averaged work. The Hill-Mandel condition given in equation (17)
states that the averaged variation of microscopic work DUy has to be equivalent to
the variation of macroscopic work DsUyys at fixed coordinates X.
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DsUom = DsUy

1

— Dso -t da. 17

Vt/wla (17)
aV;

= [D(;FM . F;,Il] oy — Dsoy -bry

Inserting the boundary conditions given in equations (15) and (16) into the Hill-
Mandel (17) condition yields the following equivalences between the averaged and
the macroscopic variables:

oM = o and blM =0. (18)

4.2 Material Motion Problem

The microscopic deformation map for the material motion problem is here com-
puted from a pull-back and a composition with the spatial deformation map as

X=0=—fy ou+Ffy x—fi we ' ). (19)
Thus, the variation of the material deformation map at fixed coordinates x reads
ds® = dsfy - [—(I)M +X—W] =dsty -Fuy - X. (20)

By assistance of the average strain theorem for the spatial motion problem one
can show that the average strain theorem is also valid for the material motion prob-
lem, i.e.,

f="fy. (1)

In order to perform the scale-transition in a consistent manner, the Hill-Mandel
condition adapted to the material motion problem has to be fulfilled

daUtM =d601

1
i[dan'FM]:zM—daq’M'BOM:v /d5<1>~T0 dA-I—/da‘I’-Tf)dA
0 Vo 80
(22)

Inserting the expression for the variation of the microscopic deformation map given
in equation (20) and comparing the coefficients yields following equivalences

Yy=2X% and Boy =0. (23)

From Byj; = 0 we can conclude that the inhomogeneities at the micro-level, cap-
tured by By, as well as inhomogeneities at the macro-level due to different attached
RVEs are completely contained in the format of the Eshelby stress X 37 at the macro-
level.
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Fig. 1 Macroscopic and microscopic longitudinal Cauchy stress for macroscopic specimen with
centered hole under tensile loading.

5 Examples

In this section numerical examples for the multi-scale computation of the spatial
and the material motion problem will be presented.

The influence of different kinds of micro-structures on the spatial as well as on
the material response of a macroscopic specimen is studied. All examples are cal-
culated with periodic boundary conditions and Neo-Hookean type constitutive law
on the micro-level.

In a first example a macroscopic specimen with a centered hole under tensile
loading is considered — see Figure 1. A homogeneous micro-structure is compared
to a micro-structure with a void. Figure 1 displays the longitudinal Cauchy-stresses
on the macro-scale as well as the microscopic stress in particular RVEs, located
on the left side of the macroscopic hole. As expected, both the stress plot and the
load-displacement diagram reveal that the macro-specimen is softer for a higher
percentage of micro-voids. In the stress plot this can be identified by the decreasing
stress peak near the boundary of the hole.

Secondly, focus is put on the same macro-structure, but this time the material
nodal forces are of interest. Figure 2 monitors the material forces on the macro
and the micro nodes for different micro-structures — a homogeneous structure, a
structure with 15% voids and a structure with 25% voids. Again, the displayed mi-
croscopic RVEs are located near the macroscopic hole. In the homogeneous micro-
structure no material nodal forces are present. In the micro-structures containing
voids material nodal forces occur on the boundary of the hole. The softening ef-
fect of the micro-voids onto the macroscopic material behavior can be observed in
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Fig. 2 Macroscopic and microscopic material nodal forces for macroscopic specimen with a
centered hole under tensile loading.

the decrease of the macroscopic material forces at the boundary of the macroscopic
hole.

In a last example the influence of different micro-structures on the material force
at a crack tip is studied. It can be shown that the material force at the crack tip
corresponds to the J-integral and thus yields a criterion whether a crack propagates
or not. In Figure 3 we consider three different RVEs, each representing a micro-
structure with two material layers and a straight interface. For all three RVEs the
average of the Young’s moduli is the same, but the ratio of the moduli differs. From
Figure 3 it can be observed that the bigger the difference between the stiffnesses of
the two materials becomes, the smaller is the macroscopic material force. Thus, we
have shown that the present approach captures the influence of the heterogeneous
micro-structure on the macroscopic J-integral.
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Fig. 3 Macroscopic material force at crack tip for different ratios of microscopic Young’s moduli
— left to right ratio of 1:2; 1:10 and 1:20.

6 Conclusions

In the current work we have extended the classical computational homogenization
scheme towards the homogenization of the material motion problem. Therefore, a
formulation containing the homogenization of volume forces, which may occur in
the material motion problem due to inhomogeneities on the micro-structure, has
been elaborated. Furthermore, it has been shown that in the homogenization of the
Eshelby stress interface terms have to be taken into account, because material trac-
tions at the interface are not vanishing in general. Based on the spatial average strain
theorem admissible boundary conditions have been developed which fulfill the Hill-
Mandel condition. In a next step the microscopic deformation map for the material
motion problem has been introduced which provides the basis for the material ana-
logon of the average strain theorem. Then by assistance of a Hill-Mandel type con-
dition the equivalence between the averaged and the macroscopic material stress has
been elaborated. To complete these studies the influence of the micro-structure onto
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macroscopic behavior, like the deformation, the stresses or the material force at a
crack-tip, has been monitored by numerical examples. Thus, the presented approach
captures the influence of the microscopic setting for the spatial and the material mo-
tion problem.
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On the Computation of Configurational Forces
in Anisotropic Hyperelastic Solids

V. Ebbing, J. Schroder, P. Steinmann and P. Neff

Abstract In the field of configurational mechanics we study energetic changes as-
sociated to variations of material configurations. The central part in this notion is
the energy momentum tensor, also known as the Eshelby stress tensor, which enters
the configurational force balance. The mechanics of material forces has been suc-
cessfully applied to a variety of important fields in applied mechanics such as e.g.
the evolution of interfaces, growth in biomechanical systems, the kinetics of dis-
locations, fracture mechanics, morphology/structure optimization in heterogeneous
microstructures.

In most contributions configurational forces are computed for isotropic bodies; in
this presentation we consider the influence of anisotropy. As a specific model prob-
lem we consider a single-edged-tension specimen, where we analyze the sensitivity
of the configurational forces in amplitude and orientation with respect to changing
main axes of anisotropy of a hyperelastic material. These configurational forces can
be interpreted as driving forces on the crack tips of the considered boundary value
problem, which are directly related to the classical J-integral in fracture mechanics.
In order to guarantee the existence of minimizers we use an anisotropic polyconvex
energy. Here, we focus on a transversely isotropic constitutive law formulated in the
framework of invariant theory.
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1 Introduction

A scheme of configurational forces entering computational mechanics was first
mentioned in [7]. A prominent application is in the field of fracture mechanics
[27,28]. Here the material forces are directly related to the classical J-integral, see
e.g. [10, 13]. Besides the application of this concept in physical problems as men-
tioned above it can also be used as an error indicator in adaptive Finite-Element-
Method, see e.g. [18-21,31]. For an overview of recent developments in this rap-
idely expanding branch of continuum mechanics we refer to [29, 30].

In the following we restrict our discussion on hyperelasticity, where we assume
the existence of an energy function W formulated in terms of the deformation gradi-
ent F. The existence of minimizers of boundary value problems is guaranteed if the
functional to be minimized is sequentially weakly lower semicontinuous (s.w.Ls.)
and coercive. The concept of quasiconvexity, introduced by Morrey [17], ensures the
s.w.l.s. condition if further growth conditions are satisfied. The polyconvexity con-
dition, introduced by Ball [3], directly implies s.w.l.s., quasiconvexity and rank-one
convexity. For the proof of polyconvexity of the free energy function W = W(F),
we have to prove the convexity of the free energy with respect to the argument
({F, CofF, detF}) € R!°. This local convexity condition is much simpler to handle
than the non-local integral inequality of the quasiconvexity condition. Investiga-
tions concerning the relation of polyconvexity to the notion of material stability, in
the sense of Legendre—Hadamard ellipticity, are documented in [25], in this context
see also [14].

For isotropic materials there exist some models, e.g., the Ogden, Mooney—Rivlin
and Neo-Hooke-type free energy functions, which satisfy the polyconvexity condi-
tion. In the case of anisotropy only a few years ago the construction of polyconvex
energy functions was a question yet to be answered. In 2002 Ball still noticed in
Some open problems in elasticity [2]: Are there ways of verifying polyconvexity and
quasiconvexity for a useful class of anisotropic stored-energy functions?

Almost at the same time the first anisotropic polyconvex energy functions in case
of transverse isotropy were proposed by Schroder and Neff [23]; an extension of this
work as well as the general formulation of orthotropic polyconvex functions is dis-
cussed in [24]. A more general concept for the construction of triclinic, monoclinic,
orthotropic and transversely isotropic polyconvex energy functions is given in [26].
In order to account for the condition of a stress-free reference configuration a priori,
an attractive approach is given in [4, 11]. Applications of anisotropic polyconvex
models to biomechanics can be found in [5,9, 12, 16].

2 Continuum Mechanical Preliminaries.

The body of interest in the material configuration is denoted by B¢ C R3, paramet-
rized in X, and the spatial configuration by B; C R3, parametrized in x.
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By x=o(X) sif’f,

det[F|dV

reference conf.
current conf.

Fig. 1 Material (reference) and spatial (current) configuration of the considered body.

The nonlinear deformation map ¢; : By — B; at time t € R4 maps points
X € By onto points x € B;. The deformation gradient F is defined by

F(X) := Gradg;(X), (D

with the Jacobian J(X) := det F(X) > 0. In the sequel we will use polynomial
invariants governed by the mappings of the infinitesimal referential line dX, area
dA = NdA and volume elements dV, respectively. These quantities, defined w.r.t.
the reference configuration, are mapped to their spatial counterparts dx, da = nda
and dv via

dx = FdX, nda = Cof[FINdA and dv = det[F]dV, 2)

see Figure 1. Equation (2); is the well-known Nanson’s formula. Furthermore, as
already mentioned the argument (F, CofF, detF) plays an important role in the
definition of polyconvexity. The local form of the balance of linear momentum reads

—DivP =, 3)

where f denotes the body forces. The Piola stresses P are derived from an energy
density W (F; X), defined per unit volume in the reference configuration, by the par-
tial derivative P = dr W. Multiplying (3) by a suitable vector-valued test function
du and integrating over the reference configuration 8B yields the weak form of the
balance of linear momentum G = 0, with

G=/Grad[8u]:PdV— f au-iodA—/au-fdv, 4)

By BEEH) Bo

with the traction vector ty = PN and the outward unit normal N.
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3 Balance of Configurational Forces

The nonlinear material motion deformation map &, : 8, — Bp at time ¢ € R4
maps points X € B; onto points X € By, i.e. X = P;(x), with &, = (pt_l. For the
material motion problem the local form of balance of linear momentum reads

—DivE — F =0, &)

where ¥ and F denote the Eshelby stress tensor and the configurational body forces,
respectively. These quantities can be derived from the energy density W (F; X) as
follows

Y=W1-F'P F=—0xW-F'FL (6)

Note that F captures essentially possible inhomogeneities in the material properties.
Multiplying (5) by a test function 6U, under consideration of the necessary bound-
ary conditions, leads to the weak form of the balance of material momentum of the
material motion problem (sometimes also denoted as balance of pseudo or config-
urational momentum), G = 0, with

G:/Grad[(SU]:ZdV— / sU- INJA. (7
Bo 98B0

Here we neglected configurational body forces for the sake of simplicity since our
numerical example in Section 5 will exclusively concentrate on homogeneous ma-
terial properties and vanishing (spatial) body forces. Note that this case corresponds
to divergence free (solenoidal) Eshelby stresses and thus to path-independent J-
integrals, an attractive property in fracture mechanics. Next, the test function is
selected from a proper finite dimensional test space 'Vg that is typically spanned
by polynomial basis functions Nk as already used in the finite element discretiza-
tion of the spatial deformation problem. Finally, the discrete configurational (nodal)
material force at node point K is computed by

e = / [Z" . Grad Ng]dV. (8)
B

These vectorial quantities are power conjugated to configurational changes of the
material node point positions; they are easily calculated in a post processing step,
the so-called Material Force Method, once the solution to the spatial deformation
problem has been computed, see [1]. Here the sign convention associates a config-
urational change of the material node point position in the direction of the discrete
material node point force with an energy increase of the system. Thus in order to
release energy, that can then potentially be used for other physical processes like,
e.g., the creation of new surfaces or the motion of defects, material node point pos-
itions have to move opposite to the material node point forces; compare our results
in Section 5.
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4 Polyconvex Anisotropic Energy Functions

Concerning the construction of the constitutive equations in anisotropic finite elasti-
city the principle of objectivity and the principle of material symmetry play an
important role. The principle of objecticity is automatically fulfilled since we use
the reduced constitutive equations formulated in terms of the right Cauchy—Green
tensor C := FTF, i.e., ¥(C) = W(F). The principle of material symmetry en-
forces the invariance of the constitutive equations with respect to the transforma-
tions Q € § C O(3) of the material symmetry group 4, which is a subgroup of the
full orthogonal group O(3), i.e.,

¥(C) = ¢ (QCQT) VvQ e §. )

The anisotropy of the material can be described by structural tensors M, which
are invariant with respect to transformations of the underlying material symmetry

group:
M=QMQ” VQe g co@®), (10)

see [6,15]. Inserting the structural tensor as a further tensorial argument into the free
energy function (9), then

¥(C,M) = ¥(QCQ”,QMQ’) vQ € 0(3), (11)

holds. This is the definition of an isotropic tensor function, therefore the scalar-
valued function (11) can be formulated in terms of the principal invariants

I :=trC, I, :=tr[CofC], I3 :=detC, (12)
and the mixed invariants
Jy :=tr[CM], J5 :=tr[Cof [C]M]. (13)

In the following we focus on transversely isotropic materials and introduce a struc-
tural tensor defined as
M=aQa, (14)

where a characterizes the preferred direction of the material, with the normalization
condition [|a]| = 1. M preserves the transversely isotropic material symmetry group
Gei = {£1; Q(ox,a) | 0 < o < 2 w}, where Q(«, a) denotes all rotations about
the a-axis.

4.1 Special Anisotropic Polyconvex Energy

The material model is assumed to be additively decomposed as follows
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,(//_ti — 1Z,iSO + ,(/;_tl" (15)

where the isotropic function @iso is chosen to be a function depending on the prin-
cipal invariants (12). In detail, we consider the compressible Mooney—Rivlin model

P = [ 4o h+8 I — Qa4+ 4ax + 28)In(/13), (16)

which satisfies the polyconvexity condition if o1, a2, &1 > 0 holds, see e.g. [8].
The resulting isotropic second Piola—Kirchhoff stresses S™° satisfy automatically
the stress-free reference configuration condition

S(C =1) :=20cy*°(C=1) =0. (17)
For the anisotropic part IZI’ i we use the simple polyconvex function

U= [AU3) + fas) + f5(J5)] . (18)
The functions f4(J4) and f5(Js5) have the explicit form

fu= 3 Jer g § Fas

- ) 1V7, ZO 19
a1’ VT £ a p 19)

5:ﬂ+15

and are taken from [26].The proof of the polyconvexity of the powers of J4 and Js is
given in [23,24]. For an a priori fulfillment of the stress-free reference configuration
condition of the anisotropic part of the stresses at natural state, i.e.,

S(C=1):=20cy"(C=1) =0, (20)

we consider additionally an isotropic function in terms of I3 in (18), proposed in
this way in [11]. In detail, the function f3(/3) appears in the form

£ 1
y 2

The explixit expression of the anisotropic part is then given by

ji _ 1 a+l ! pit Lo
v —E<a+1(f4) +ﬂ+1(J5) + y(13) y)~ (22)

The Eshelby stress tensor, defined in (6), is finally calculated by
¥ = yi1-CS, (23)
where we have introduced the abbreviation
vy =y - Y€ =D, 24)

in order to satisfy the condition > = 0 in the unloaded reference configuration.
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5 Numerical Example: Cracked SET Specimen

As a numerical example we consider a single-edged-tension specimen (SET) as
shown in Figure 2. We study the influence of the orientation of the main axes of
anisotropy on the amplitude and orientation of the configurational forces at the crack
tips. The main axis of anisotropy corresponds to the preferred direction a of the
hyperelastic transversely isotropic energy (22). The material parameters are set to

o = IN/mm?, o = IN/mm?, §; = 1 N/mm?,

25
£=1N/mm? =10, B=1, y = 1. 25)

In this 2D example the orientation of the preferred direction of the transversely
isotropic material is described by the angle ¢ = 4(a, e;), whereas the direc-
tion of the configurational force at the crack tip A is characterized by the angle

n=24« (fionﬁg, e 1). The height to width ratio of the SET specimen is chosen to be

H/W = 120mm/40 mm, the crack length to width ratio is set to a/W = 0.5 and
the thickness of the crack is d = 0.2 mm, see Figure 2.

The specimen is discretized by 7886 six-noded triangular elements and the mesh
is strongly refined in the vicinity of the crack tips as shown in Figure 3. In detail, we
discretized a circular area around each crack tip with the radius r = r19 = 0.52 mm.
The radii of the inner circles of finite elements of these domains are calculated by
geometric series

ri=o " 'r, i=1,...,10, with r;=01mm, w=12. (26)

BEEEEEEL

zoom in the vicinity of A:

1
A B -t dl == 1

Fig. 2 Undeformed SET specimen, boundary conditions.
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For a good approximation of the material force f°"fi¢ acting at crack tips A and
B with the Material Force Method, we choose the whole circular area around the
crack tip as the integration domain. Figure 4 depicts the results of the orientation
and amplitudes of the configurational forces at both crack tips for four different
orientations of the preferred direction. The amplitudes of the material forces are
normalized w.r.t. the amplitude to the material force in case of ¢ = 0°, i.e.,

1M () = IR () 1/ £ (g = 0°)]. @7

Comparing these ratios we notice that the amplitude of the forces becomes signifi-
cantly smaller by increasing the angle of anisotropy up to 45°. Regarding the
changes of the angles ¢ and 1 Figure 4 shows the following: for ¢ = 0°, 15°, 30°
the angle of orientation of feonfig riges from 0° to about 12°, whereas for @ = 45°
we obtain the angle n ~ 4.25°. Therefore, a high sensitivity of the configurational
forces in amplitude as well as in orientation appears in the considered boundary
value problem. A more detailed discussion on this topic and further results can be
found in [22].
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6 Conclusion

Configurational mechanics play an increasingly important role in both defect mech-
anics and computational mechanics. Since most contributions deal with the compu-
tation of configurational forces in isotropic solids, we have analyzed the influence
of anisotropy on the material forces. In detail, we have investigated the change of
amplitude and orientation of the configurational forces at crack tips due to varying
main axes of anisotropy of a transversely isotropic hyperelastic material. For the de-
scription of the assumed hyperelastic material behavior we use an anisotropic poly-
convex energy in order to guarantee the existence of minimizers. The anisotropy
of the material is described in the framework of invariant theory. As a represen-
tative example we have considered a single-edged-tension specimen, where we first
noticed a high sensitivity of the amplitude: Changing the angle of the preferred dir-
ection of the material about 45° yields a reduction of the origin amplitude of the
material forces of approximately 70%. Furthermore, the orientation of the material
forces is also sensitive to the change of orientation of the preferred direction.
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