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Welcome

to the

11th GAMM-Seminar on Microstructures

Dear participant,

we are glad to welcome you at the 11th GAMM-Seminar on Microstres
at the University of Duisburg-Essen.

After the fifth GAMM Seminar on Microstructures in January0B0nve meet
in Essen again 6 years later. With its 11th Seminar our center is becom-
ing nearly a tradition. Still, we have had more applicantsgesentations
than available time slots. This shows that the topic of oueting is still of
ongoing interest.

We wish us all a pleasant stay with productive discussiodspaesentations
of high scientific impact.

The Organizers
Jorg Schroder

Patrizio Neff
Daniel Balzani

UNIVERSITAT @M DF Deutsche
Del%IsSeBNY R © b\ | Forschungsgemeinschaft
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Miscellaneous

Objectives of the Seminar

The seminar will focus on various aspects of microstruatumesolid mechanics, material sci-
ence and applied mathematics:

* theoretical and computational modelling of materialdwewolving microstructures (plas-
ticity, damage, phase transitions, electro-magneto-ar@ch, thin walled structures, films,
dislocations, ...),

» experimental results on the formation and evolution ofrogstructure (lamination, phase
transformation, ...),

» mathematical analysis, variational formulation, asystiptanalysis, homogenization and
relaxation methods, non-convex problems,

* multiscale methods and other computational tools for #temnination of effective prop-
erties of micro-heterogeneous materials.

The seminar is intended to give the opportunity to discusiscampare different approaches to
the above areas as well as to stimulate and create perssefdivfuture research. It provides
a platform for the interaction among young and establistes@archers in solid mechanics,
mathematics and material science.

Organizers

Prof. Dr.-Ing. Jorg Schroder, Dr.-Ing. Daniel Balzani
Institute of Mechanics, University Duisburg-Essen
Faculty of Engineering, Department of Civil Eng.
45117 Essen, Germany

j.schroeder@uni-due.de

Tel.: +49-(0)201-183-2682/2660

Fax: +49-(0)201-183-2680

Prof. Dr. Patrizio Neff

Lehrstuhl Nichtlineare Analysis und Modellierung
Faculty of Mathematics

University Duisburg-Essen 45141 Essen, Germany
patrizio.neff@uni-due.de

Tel: +49-(0)201-183-4243

Fax: +49-(0)201-183-4394

Local Organizing Team

Dominik Brands, Joachim Bluhm

Institute of Mechanics, University Duisburg-Essen
Faculty of Engineering, Department of Civil Eng.
45117 Essen, Germany
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Venue

The seminar is to be held in the

“Glaspavillon der Universitat Duisburg-Essen” (R12 SOO2)
Universitatsstral3e 12, 45141 Essen

in the “red-building” area at the Campus Essen of the Unityecs Duisburg-Essen, see map
of Campus Essen below. The Essen Campus is located cemtrély city. within 20 minutes

walking distance from the central railway station. Essenin@portant city in the Rhine/Ruhr
region, is connected through an extensive road transptwionie to all cities in Germany and
Europe and is easily accessible from all directions bygadrand air. For detailed travel infor-
mation, please refer to the route description at

http://ww. uni - due. de/ de/ uni versi taet/orientierung. php.

Map of Campus Essen
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Local Transportation

Public local traffic is provided by the “Verkehrsverbund RhRuhr”,
http://ww. vrr.de/de/index. htm

Accomodation

For accommodation we recommend three hotels in the cenEssg#n. For more information
please visit the seminar homepage. The participants apemsile for making their reserva-
tions.

Insurance

Participants are responsible for their own insurance. Tgarozers cannot be held liable for any
damages, losses or accidents occurring during the jouafiggrin Essen or during the seminar.
All guests participate at their own risk.

Language

The official language of the seminar is German or English. ilesentations should be given
in English; however, lectures in German are also permitted.

Presentation Duration

Each lecture is expected to last 30 minutes including dsoudime.

Presentation Facilities

The lecture room will provide video beamer, overhead ptoje@nd internet access.

Homepage of the Seminar

http://ww. uni - due. de/ mechani ka/ gamm m cro_2012. sht mi

Lunch break

Friday, January 20th, 13:00-14:00
For your convenience we reserved a special area in the “iFeansa”, which is located
(upstairs) in the “green-building” area at the Campus, sap af Campus.

Saturday, January 21th, 13:30-14:30
A farewell lunch is arranged at the seminar venue.
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Social Events

Friday, January 20th, 20:00

Conference dinner at the “Handelshof Restaurant” of thevitipick Hotel Essen” in the centre
of Essen.

Movenpick Hotel Essen
Am Hauptbahnhof 2
45127 Essen

http: //ww. noevenpi ck- hot el s. com de/ pub/ hotel s_resorts/
wor | dmap/ essen/ wi | | konmren. cf m
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Program

Friday, January 20

Registration 8:00 — 8:25

Welcome by the Organizers8:25 — 8:30

8:30 —10:00, Plenary lectures, Chair: J. Schroder

M. Geers (8:30 — 9:15)
Microstructural patterning in time-dependent non-conmestal plasticity

A. Raoult (9:15 - 10:00)
Homogenized and non-homogenized equivalent lattice nsodel

10:00 — 11:00, Chair: P. Neff

H.D. Alber (10:00 — 10:30)
A phase field model for phase evolution in a material witheéhpbase states

M. Kruzik (10:30 — 11:00)
Domain patterns and hysteresis in phase-transformingssoéinalysis and numerical simula-
tions of a sharp interface dissipative model via phase-&platoximation

Coffee break11:00 - 11:30

11:30 — 13:00, Chair: T. Bartel

M. Sabeel Khan, K. Hackl (11:30 — 12:00)
Development of microstructure in a micropolar continuunmaaonsequence of energy relax-
ation

C. Kreisbeck, S. Conti, G. Dolzmann (12:00 — 12:30)
Relaxation of models in finite plasticity with two activesbystems

D. Pauly, P. Neff, K.-J. Witsch (12:30 — 13:00)
Poincaré meets Korn via Maxwell: On Korn'’s first inequafiby incompatible tensor fields

Lunch break 13:00 — 14:00
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14:00 - 16:00, Chair: S. Conti

B. Klusemann, B. Svendsen (14:00 — 14:30)
Application of gradient plasticity and non-convexity taetimodeling and simulation of mi-
crostructure evolution

M. Redeker (14:30 — 15:00)
An adaptive two-scale model for phase transitions with @woh of equiaxed dendritic mi-
crostructures

M. Goodarzi, K. Hackl (15:00 — 15:30)
On surface energies and twinning geometry in martensite

A. Khorashadizadeh, D. Raabe (15:30 — 16:00)
Exploring the formation of different lamination configuaats within the orientation space

Poster Sessior16:00 — 16:30

Coffee break16:30—-17:00

17:00 - 18:30, Chair: G. Dolzmann

C.l. Zeppieri, L. Scardia (17:00 — 17:30)
Line-tension model as thé-limit of a nonlinear dislocation energy

D. Cioranescu, A. Damlamian, J. Orlik (17:30 — 18:00)
Homogenization via unfolding in periodic elasticity witbract on closed and open cracks

S. Heinz (18:00 — 18:30)
Quasiconvexity equals rank-one convexity for isotropis & 2x 2 matrices

Meeting of GAMM activity group “Analysis of Microstructure s” 18:30 — 19:30

Dinner 20:00 — 23:00
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Saturday, January 21

8:45 —9:30, Plenary lecture, Chair: P. Neff

M. Lewicka
Elasticity of prestrained structures

9:30-11:00, Chair: R. Muller

E. Stein, T. Gerasimov, Sohnert, M. Riter (9:30 — 10:00)
Error-controlled multiscale XFEM for crack propagatiomadicro-scale and crack initiation at
micro-scale of ceramic materials

V.A. Eremeyev, H. Altenbach (10:00 — 10:30)
On the theories of plastes and shells with microstructure

C. Carstensen, G. Dolzmann (10:30 — 11:00)
Adaptive FEM for some nonconvex double-well minimisatioalgem

Coffee break11:00 - 11:30

11:30 - 13:30, Chair: A. Menzel

J. Spahn, S. Staub, M. Kabel, Rulér, H. And& (11:30 — 12:00)
A micromechanical damage model for fiber-reinforced polymaterials

S. Bargmann, H. Seddik, R. Greve (12:00 — 12:30)
Computational modeling of the influence of heterogeneowsasiructure on the deformation
process of polar ice

I. Minch, M. Krauf3, W. Wagner (12:30 — 13:00)
Ferroelectric nano-generators for energy harvesting

S. Klinge, A. Bartels, K. Hackl, P. Steinmann (13:00 — 13:30)
Single- and multiscale aspects of modeling curing polymers

Farewell lunch 13:30 — 14:30
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Presentation Abstracts

10



11th GAMM-Seminar on Microstructures - Presentation Adstis

A phase field model for phase evolution in a material with thre phase
states

Hans-Dieter Alber

Fachbereich Mathematik, Technische Universitat Dardista
SchlossgartenstralRe 7, 64289 Darmstadt
alber@mathematik.tu-darmstadt.de

Metallic materials often show more than two phase statdsdifterent crystal structures. These
phase states correspond to different minima of the storedygnAs a model one could use the
time dependent elasticity equations corresponding to smehgies. However, the resulting
partial differential equations form a quasilinear hypéidbsystem. Little is known about the
solution of such systems in higher space dimensions.

As an alternative approach we present a model, which censigshe equations of linear elas-
ticity coupled with evolution equations for two order paetBrssS;, S;. The three phase states
correspond to the valug$,0), (1,0) and(1, 1) of the pair(S;, S;) of order paramters. The
evolution equations are chosen such that the second laweahtidynamics is satisfied and
such that to every of the three possible phase transiti@mne #xists a diffusive phase interface,
which approximates a sharp interface, that is driven by uingpj of the Eshelby tensor corre-
sponding to the respective phase transition. These ewaletjuations are based on the hybrid
phase field model [1].

References

[1] H.-D. Alber, Peicheng ZhuComparison of a rapidely converging phase field model for
interfaces in solids with the Allen-Cahn mod&ubmitted. PreprinR631, Fachbereich
Mathematik, Technische Universitat Darmstadt (2011).
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Computational modeling of the influence of heterogeneous miostructure
on the deformation process of polar ice

Swantje Bargmart) Hakime Seddik** and Ralf Greve**

*Institute of Mechanics, University of Dortmund, Germany
swantje.bargmann@tu-dortmund.de
**|nstitute of Low Temperature Science, Hokkaido UnivéysBapporo, Japan
{hakime,grevé@Ilowtem.hokudai.ac.jp

In this contribution we model the anisotropic flow in polae im order to gain a better un-
derstanding for the underlying microstructure and its imfice on the deformation process. In
particular, a continuum mechanical, anisotropic flow moudaiich is based on an anisotropic
flow enhancement factor, the so-called CAFFE model, is adpliThe polycrystalline ice is
regarded as a mixture whose grains are characterized hydhentation. The approach is
based on two distinct scales: the underlying microstrgdnftuences the macroscopic material
behavior and is taken into account phenomenologically. cfoexe this the orientation mass
density is introduced as a so called mesoscopic field. Thsicla flow law of Glen is extended
by a scalar enhancement factor. Moreover, four differdetés (local rigid body rotation, grain
rotation, rotation recrystallization, grain boundary naigon) influencing the evolution of the
grain orientations are taken into account. A finite voluméhod is chosen for the discretization
procedure. Numerical results simulating the ice flow in tiR¢EA ice core EDML, Antarctica,
are presented.

References

[1] S. Bargmann, H. Seddik, R. Grev€omputational modeling of flow-induced anisotropy
of polar ice for the EDML deep-drilling site, Antarctica: eteffect of rotation recrystal-
lization and grain boundary migratigninternational Journal for Numerical and Analyti-
cal Methods in Geomechanics, accepted for publication, 2@1002/nag.1034, 2011.

[2] L. Placidi, R. Greve, H. Seddik, S. Farigd continuum-mechanical, anisotropic flow
model for polar ice, based on an anisotropic flow enhancerfestor, Cont. Mech.
Thermodyn. 2009; doi: 10.1007/s00161-009-0126-0

[3] H. Seddik, R. Greve, L. Placidi, I. Hamann, O. Gagliardifspplication of a continuum-
mechanical model for the flow of anisotropic polar ice to tH2Mi_ core, Antarctica J.
Glaciology 2008, 45(187):631-642.

12
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Adaptive FEM for some Nonconvex Double-Well Minimisation Roblem

Carsten Carstense@eorg Dolzmann

The presentation concerns ongoing joint research on addasned nonstandard finite element
simulations in the calculus of variations. The relaxatiba commonly used model problem in
the analysis of solid solid phase transitions leads to atiarial problem with a quasiconvex
energy density which fails to be convex. This paper presemdirst convergence result for
an adaptive algorithm for the computation of minimizers mté element spaces with Courant
elements and with successive loops of the form SOLVE-ESTIEMMARK-REFINE. The
proof relies on the decomposition of the energy into a degeeeonvex energy which allows
convexity control in the sense of Carstensen (IMA J Numer 2088) and a polyaffine energy.
Convergence of the energy of the approximating deformatn strong convergence of some
components of the deformation gradients is established.

13
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On the Theories of Plates and Shells with Microstructure

Victor A. EremeyeyHolm Altenbach

Applications of such microstructured materials as foantsim-walled elements find wide ap-
plications in engineering. In the literature various madsl materials with microstructure are
suggested, see for example [1]. Various generalized 2D Imoflplates and shells are discussed
in [2]. Here we derive 2D plate and shell equations made oénadtwith microstructure. The
following models of materials are considered:

1. Micropolar materials,
2. Micromorphic materials, and
3. Materials of second-grade.

The main goal of the lecture is to investigate how 2D equatiohplates and shells inherit
the generalized properties of the 3D continuum. We use tleaigih-thickness procedure and
the global form of the balances of momentum and moment of méwne to reduce the equi-

librium/motion equations of the 3D continuum with micrastture to 2D equations of shell

theory. For simplicity we start from the plate theory andntivee generalize the results to the
case of shells.

References
[1] Eringen, A.C.:Microcontinuum Field Theory. I. Foundations and So)i8pringer, 1999.

[2] Altenbach J., Altenbach H., Eremeyev V.AOn generalized Cosserat-type theories of
plates and shells. A short review and bibliographAychive of Applied Mechanics, 80:73-
92, 2010.
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Microstructural patterning in time-dependent non-convex crystal
plasticity

M.G.D. GeersT. Yalcincaya and W.A.M. Brekelmans

Microstructures in materials generally originate from an+wonvex free energy, whereby the
evolution is controlled by the kinetics underlying the piogs processes governing the pattern-
ing. Special examples thereof are microstructures in meitad dislocation microstructures in
particular, which have been an interesting research tapithie materials science community
for decades.

This paper analyses the intrinsic role of non-convexityhie tormation and evolution of defor-
mation microstructures, in close comparison to classibakp field approaches for microstruc-
ture evolution. Special emphasis is given on the role oftiasehat control the time-dependent
evolution in a deformation microstructure. For this pugasnon-convex rate dependent strain
gradient plasticity framework is used to recover plastip patterning in metal crystals. The
non-convexity is treated as an intrinsic property of the femergy of the material. Departing
from explicit expressions for the free energy and the degn potential, the non-convex strain
gradient crystal plasticity model is derived in a thermaalyncally consistent manner, includ-
ing the accompanying slip law. For the numerical solutiorihaf problem, the displacement
and the plastic slip fields are considered as primary vasablhese fields are determined on a
global level by solving simultaneously the linear momentuatance and the resulting slip evo-
lution equation. The slip law differs from classical oneghe sense that it naturally includes
a contribution from the non-convex free energy term, whiohldes patterning of the defor-
mation field. The formulation of the computational framekvy partially dual to a Ginzburg
Landau type of phase field modeling approach. The esseiffeemce resides in the fact that
a strong coupling exists between the deformation and thkeigeo of the plastic slip, whereas
in the phase field type models the governing fields are onlyklyemupled. The derivations
and implementations are first done in a transparent 1D gdttinwhich allows for a thorough
mechanistic understanding. The extension to 2D and mekig is presented as well, whereby
the non-convexity originates from the slip system intacarct

References

[1] T. Yalcincaya, W.A.M. Brekelmans, M.G.D. GeerBeformation patterning driven by
rate dependent non-convex strain gradient plastjciburnal of the Mechanics and Physics
of Solids, 59:1-17, 2011.
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On surface energies and twinning geometry in martensite

Mehdi GoodarziKlaus Hackl

Martensitic materials, whose characteristic laminaterasitucture is the consequence of a
symmetry-breaking solid-to-solid phase transformatian be well understood within a con-
tinuum mechanical framework by investigating energelyciavorable configurations of twin-
compatible variants. We present a micromechanical modkIupon this approach.

In this model, a specific class of laminate geometries istcocied based on coherence condi-
tion allowing for curved twin interfaces as well as threezdnsional aggregates. Then suitable
ansatzes for twin interface and grain boundary energiepran@osed based on scaling argu-
ments. Afterwards we look into energy minimizing geomestrigthin the class of morphologies
we considered.

Our model successfully reproduces various empirical olasens and theoretical predictions
in the preceding works of Kohn, Miller, Otto, James and @h&lost notably, the model is
capable of reflecting the scale properties and size effedtgimicrostructure. It also simulates
the accommodation by branching and twin refinement nearabadaries.

References
[1] R.V. Kohn, F. Otto:Small Surface Energyhysica D, 107:272-289, 1997.

[2] R.V. Kohn, S. Miller:Surface Energy and Microstructyr€ommunications on Pure and
Applied Mathematics, 47:405-435, 1994.

[3] K. Hackl, et al.: Surface energies and size-effedtkaterials Science and Engineering A,
378:499-502, 2004.
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Quasiconvexity equals rank-one convexity for isotropic g8 of
2x2 matrices

Sebastian Heinz

We study quasiconvexity in the calculus of variations, mhi@s introduced by Morrey [1]. Our
particular interest lies in finding the quasiconvex hull dogiven set/X. From a solid mechan-
ics point of view, K’ may represent the ensemble of deformation gradients tedtaourable
on the microscopic scale. Then the quasiconvex hulKafontains what is favourable on the
macroscopic scale. In the planar case and under the addiagesumption of material isotropy,
we give an explicite characterization of the quasiconvdk hn order to formulate our result
mathematically, lef be a compact set of reak 2 matrices that is isotropic, meaning invariant
under the left and right action of the special orthogonaligroThen we prove that the quasi-
convex hull of K coincides with the rank-one convex hull (and even with timeitetion convex
hull of order2). In particular, there is no difference between quasicrity@and rank-one con-
vexity for K. This is a generalization of a result for connected sets bytiCDe Lellis, Muller
and Romeo [2]. Our proof relies on the work by Faraco and 8lyéidi [3].

References

[1] Charles B. Morrey:Quasi-convexity and the lower semicontinuity of multiplegrals
Pacific J. Math., 2:25-53, 1952.

[2] Sergio Conti, Camillo De Lellis, Stefan Muller, MariodReo: Polyconvexity equals
rank-one convexity for connected isotropic setdVif*?, C. R. Acad. Sci. Paris, Sér.
l, 337(4):233-238, 2003.

[3] Daniel Faraco, Laszl6 Székelyhidiartar’s conjecture and localization of the quasicon-
vex hull inR?*2, Acta Math., 200(2):279-305, 2008.
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Single- and multiscale aspects of modeling curing polymers
Sandra KlingeAlexander Bartels, Klaus Hackl and Paul Steinmann

The curing of polymers is a complex process characterizedifigrent phenomena such as
an increasing stiffness and viscosity, volume shrinkagkisochoric material behavior. In or-
der to simulate the mentioned process we propose a contimechanical model based on an
assumption for free energy consisting of two parts. Theiast is related to the total deforma-
tions and denoted as the equilibrium part. It has the formanfrevolution integral including the
influence of the time dependent material parameters. Aaugisd the equilibrium part of the
free energy can be interpreted as the accumulated enertg/tivlistrain energy is rather related
to the current state of deformation and thus used for theitlefirof the instantaneous stiffness.
The second part of the free energy is related to the viscdiasrdations and referred to as the
non-equilibrium part. This part of the model depends on thestant material parameters. The
model can also be used for the simulation of polymers shotiegsochoric material behavior
at some stage of curing. To this end both parts of the energgdditionally split into a devi-
atoric and a volumetric part. Further, a multifield formidatdepending on the deformations,
the volume change and the hydrostatic pressure, is intemiuc

As an additional aspect, the presentation considers thelngdf microheterogeneous poly-
mers based on the application of the multiscale finite elémethod. This numerical ho-
mogenization approach is suitable for the modeling of logeneous materials with a highly
oscillatory microstructure. It mainly shows one importadivantage: It can be easily applied
for the simulation of the material and the geometrical nuedrity. The numerical examples
presented in the course of the presentation are focusedednfthence of the changeable ma-
terial parameter on the stress state as well as on the induartbe material incompressibility.
The multiscale concept is used for the simulation of therzudf reinforced polymers.

18
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Application of gradient plasticity and non-convexity to the modeling and
simulation of microstructure evolution

Benjamin Klusemanand Bob Svendsen

During loading of real (i.e., materially heterogeneous)atiie materials, local microscopic
stress concentration activates individual microscopfeas (e.g., dislocations) in the material,
resulting in a spatially heterogeneous plastic strain.im@uthis process most metals form cel-
lular dislocation structures, e.g. dislocation cells arstbdation walls. In general, this will take
place in the material "long” before the macroscopic actorabr yield threshold is reached.
Only when a sufficient "critical” number of such defects ativaated, do they collectively
breakthrough to the macroscopic level, resulting, e.gmatroscopic yield and macroscopic
stress relaxation. As is well-known, one way to model suckrgent behavior in many phys-
ical systems and contexts is with the help of phase-field austland non-convexity. Several
sources of non-convexity are known in material science, eliglocation-lattice interaction,
glide-system interaction or large deformation. As very@ennon-convex energy forms we
examine polynomial-based Landau-Devonshire type fornoh si$ that examined recently by
Yalcinkaya et al.[1] and Klusemann et al.[2], as well as@aig forms such as the Frenkel form.
The purpose of this work is the modeling of microstructureletton with gradient plasticity via
energetic non-convexity. To this end, a model formulatiasdal on continuum thermodynamics
and rate-variational methods is presented.

References

[1] T. Yalcinkaya, W. Brekelmans, M. Geer®eformation patterning driven by rate de-
pendent non-convex strain gradient plasticiipurnal of the Mechanics and Physics of
Solids, 59:1-17, 2011.

[2] B. Klusemann, S. Bargmann, B. Svendsédomparison of two formulations for the
initial-boundary-value problem of a non-convex gradiemtlasticity modelComputa-
tional Materials Science, submitted for publication, 2011
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Exploring the formation of different lamination configurat ions within the
orientation space

Anahita Khorashadizadebierk Raabe

The formation of laminated microstructures is only favéealnder certain conditions. In this
study we perform shear experiments on copper single csysfalifferent orientations to ex-
plore the formation of laminated microstructure. In ourdsiigations the shear experiments
were conducted along with the digital image correlationchihinade it possible to determine
the exact macroscopic state of the deformed samples. Thklik@microstructures have been
investigated using high-resolution back scatter difficaciethod. The topography of the dislo-
cation structure within the orientation patterned areas etserved using the electron channel-
ing contrast imaging. The study of the dislocation strueiarof great importance as it gives an
insight into the mechanisms of dislocation walls generatind their relation to the formation
of the laminates. This work demonstrates the configuratfdhe laminated structure in two
different copper single crystals after shear experiments.

20
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Relaxation of models in finite plasticity
with two active slip systems

Carolin KreisbeckSergio Conti and Georg Dolzmann

Modern mathematical approaches to plasticity result in-camvex variational problems for
which the standard methods of the calculus of variationsiat@pplicable. In this contribution

we investigate the macroscopic material response of atiar&éd model in geometrically non-

linear elasto-plasticity with two active slip systems,idiglasticity, and linear self-hardening.
In particular, an explicit formula for the relaxation of thederlying energy density is given,
both in the two-dimensional and a related three-dimensmetting [1].

One observes that the relaxation mechanism is identicéleti@be derived in the regime with
only one active slip system [2]. Due to the presence of a sbetip systems, however, the
effective material behavior is softer and the relaxed gnesdinite for all volume preserving

deformations. In contrast to two-slip models without haidg, where laminates of infinite

order are needed to carry out the relaxation process [3fdkential tool for the treatment of
the models with hardening is the construction of a first-ntdminate. This allows to predict

a microstructure that realizes the effective energy in tstesn and could be experimentally
verified.

Finally, we show that the assumption of elastically rigidtengl behavior is justified since

models with rigid elasticity can be obtainedlagimits of models with finite elastic energy for
diverging moduli of elasticity.
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Domain patterns and hysteresis in phase-transforming salis: analysis
and numerical simulations of a sharp interface dissipativenodel via
phase-field approximation

Maurtin Kruzik

We propose a sharp-interface model which describes rdepandent hysteresis in phase-
transforming solids (such as shape memory alloys) by respkxplicitly domain patterns and
their dissipative evolution. We show that the governinglisienergy functional is thE-limit

of a family of regularized Gibbs’ energies obtained throagthase-field approximation. This
leads to convergence of the quasistatic evolutions agsdorgth the regularized energy to the
ones corresponding to the sharp interface model. Basedsoodhvergence result, we propose
a solution algorithm which allows us to perform numericahgiations of mechanical experi-
ments for both spatially homogeneous and heterogeneouyslesanThis is a joint work with
A. DeSimone ( SISSA Trieste).
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Elasticity of prestrained structures

Marta Lewicka

This talk will concern the analysis of elastic bodies whighibit residual stress at free equilib-
ria. Examples of such structures arise due to a range of sang®mogeneous growth, plastic
deformation, swelling or shrinkage driven by solvent apion. The mathematical description
departs from the model of 3d non-Euclidean elastic energpychwmeasures the deficit of the
metric induced by a deformation from a given Riemannian imetith non-zero curvature.

| will discuss different adaptations of the classical vaoiaal nonlinear elasticity theory results
to the present setting taking into account the prestrainiiggse will include: scaling laws for

thin films, dimension reduction, and atomistic to continudenivation.
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Ferroelectric nano-generators for energy harvesting

Ingo Miinch Matthias Krauf3 and Werner Wagner

We investigate the behavior of epitaxial sputtered fegcieic thin films with uniform lattice
orientation for the design of nano-generators to converthaeical into electrical energy. It
is important to choose an appropriate substrate whichnesssts the ferroelectric material by
slightly different crystal lattice parameters to enforcemgy conversion. Further, th&aTiO;
film needs to be structured and assembled via top electrgdidgast, a base allows for me-

chanical loading.

ferroelectric

echanical
loading

Figure 1: Domain evolution for epitaxial straig and uniaxial loading of base.

Due to mechanical cycle load there is need for an electrialit to transform single-phase al-
ternating currentinto co-current flow. Our numerical foftation bases on an electro-mechanical
phase-field model with polarization as state variable. Timegex boundary conditions are con-
sidered within the finite element formulation. The systemsoants for mechanical prestress
via substrate elements. As the electrical circuit influsrtbe efficiency of the energy harvest-
ing process characteristics of electrodes, capacitorslanigs are incorporated. Naturally, the
generators exhibit a favorable working point.
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Poincaré meets Korn via Maxwell:
On Korn'’s First Inequality for Incompatible Tensor Fields

Dirk Pauly, Patrizio Neff and Karl-Josef Witsch

We prove a Korn-type inequality iRl (Curl, 2) for tensor fieldsI" defined on a bounded’-
dimensional domaifR with Lipschitz boundary. For gradient tensor fields= Vv the estimate
reduces to a generalized version of Korn’s first inequahtyereas for skew-symmetric tensor
fieldsT = skew T Poincare’s inequality is recovered.

Applications are, among others, gradient plasticity tiieoricromorphic models and disloca-
tion theory.
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Homogenization via unfolding in periodic elasticity with contact on closed
and open cracks

D. Cioranescu, A. Damlamian, J. Orlik

In this paper, we consider the elasticity problem in a hefeneous domain with—periodic
micro-structureg << 1, including a multiple micro-contact between the strudtw@mpo-
nents. The structural components are a simply connectedxndaimain with open cracks, or
inclusions, completely surounded by cracks, which do naneat the boundary. The contact
is described by the Signorini and Treska-friction contamiditions. In the case, when inclu-
sions are compleately surounded by cracks, they can hadedigplacements. In this case, in
order to obtain the preliminary estimates for the solutiorthe c-domain, the known Korn’s
inequality should be modified for these inclusion domairiest, in the fixed context and then
for the e-dependent periodic case. Additionally, for all statesh@ tontact (inclusions can
freely move, or are locked / sticked to the interface withriegrix, or the frictional traction is
achieved on the inclusion-matrix interface and the indasican slide in the tangential to the
interface direction) the uniform inestimates for the solution in tkedomain is obtained.

An asymptotic analysis for the non-linear functionals aver growing as: interface is based
on the application of the periodic unfolding strategy (]), for sequences of jumps in the
solution on the oscillating interface, implying their twgoale convergence. Furthermore, this
implies the weak convergence of the nonlinear continuomseofunctions applied to these
interface jumps.
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Homogenized and non homogenized equivalent lattice models
Annie Raoult Laboratoire MAP5, Université Paris Descartes/CNRSisPar

We will discuss results that were recently obtained in dahation with Hervé Le Dret (Part
1) or with Nicolas Meunier and Olivier Pantz (Part 2). In batises, we aim at deriving an
equivalent continuum model for a lattice by letting the tesgth go taD.

Hexagonal lattices are examples of complex lattices (thettes cannot be generated by the
translation of two vectors). We follow a classical descoipby separating nodes in two groups.
For pair interactions between adjacent nodes, we are alpl@t@ convergence towards a Min
problem whose stored energy density is a homogenized e(jélyyThis density is obtained in
three steps: first, we write the discrete lattice energy vadéntegral form that uses a piecewise
affine deformation associated with nodes 1 and a piecewisstaiot increment that allows to
take nodes 2 into account, second we minimize the local gneith respect to the increment
(thus obtaining an expression close to Cauchy-Born forg)uthird we homogenize over an
infinite number of multiples of the unit parallelogram. Latmention that some arguments are
reminiscent of [2] and that related results can be foundjn [3

Another topic we are interested in is a proper way of dealintf) &n energy accounting for
changes in angles (for instance, when pairs of bars intéhastigh a spring). For a square
lattice whose all pairs of bars interact, we show ([4]) that dompatible local energies the
limit stored energy density can be obtained by a mere quagsafication formula and that
Cauchy-Born rule holds true.
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An Adaptive Two-Scale Model for Phase Transitions with Evolition of
Equiaxed Dendritic Microstructures

Magnus Redeker

We develop a fast and accurate adaptive algorithm that noatigrsolves a two-scale model
describing a phase transition of a binary mixture with thel@ion of equiaxed dendritic mi-
crostructures.

The two-scale model consists of a macroscopic heat equatidra family of microscopic cell
problems that model the phase transition of a binary mixtieth scales are coupled; the
macroscopic temperature influences the evolution of theasiucture and the microscopic
fields enter to the macroscopic heat equation via averageftiadents. Adaptivity exploits the
fact that the evolving microstructure depends in a contisusay on the macroscopic temper-
ature field; we use the same microscopic data for macrosoopies with similar temperature
evolutions. We define a metric that compares temperatulatemos and invent adaptive strate-
gies to select active macroscopic nodes. Microscopic cebllpms are solved for active nodes
only; microscopic data in inactive nodes is approximatechfmicroscopic data of active nodes
with similar temperature evolution. The set of active nodegpdated online: it is coarsened
until all active nodes have different temperature evohgiand it is refined until every inactive
node has at least one active node with a similar temperatotetsn.

We present numerical examples which show that the adaptthad is almost as accurate as
the direct solution of the two-scale model while being comapianally much more efficient.
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A micromechanical damage model for fiber-reinforced polyme materials

Johannes SpahnSarah Staul Mathias Kabél, Ralf Muller? and Heiko Andra

I Department of Flow and Material Simulation
Fraunhofer Institute for Industrial Mathematics (ITWM)akerslautern, Germany

ZInstitute of Applied Mechanics
TU Kaiserslautern, Kaiserslautern, Germany

Fiber-reinforced polymers exhibit a complex micro struetand thus their mechanical behav-
ior depends on the local fiber orientation distribution,fiber volume fraction, the geometrical
structure of the fibers and as well as on the mechanical prepaf the fibers and the polymer
matrix itself. Furthermore, failure and progressive daenafjfiber-reinforced materials occur
as the result of a variety of complex microstructural danragehanisms such as fiber breakage,
fiber pull-out or matrix cracking. In order to predict the mascopic response of the material
in a proper way, one has to consider these microstructueadtsf see e.g. [1].

In the work at hand, a micromechanical continuum damage h{@@#MV) is developed which
firstly predicts progressive matrix damage and secondlicates the fiber pull-out due to lo-
calization effects in the surroundings of inclusions. le framework of a multi-scale approach
the model can further be used to detect critical microscppints under uncritical cyclic load-
ing conditions applied on the macro scale. This yields a q@eglve macroscopic reduction
of stiffness and thus a reduction of the durability. Inste&delying on deterministic failure
criteria on the composite level, the model is applied onréigcphases and thus only assump-
tions for the single constituents have to be made. In ordeidoretize the microstructure, a
robust meshing ansatz is used, which in particular is slaitels generating meshes from 3D
computer tomography images, see [2]. On the statisticalmelelements the so-calledrE-
simulations are carried out by the software FeelMath (Eigiements for elastic Materials and
Homogenization), which has been developed at Fraunhot®MT
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Development of microstructure in a micropolar continuum asa
consequence of energy relaxation

Muhammad Sabeel KhaKlaus Hackl

A rate-independent inelastic material model for a micrapebntinuum is presented. The en-
ergy of the material is enriched with an interaction potrtiking into account the intergran-
ular kinematics at the continuum scale. As a result the &taglergy becomes non-convex,
thus giving rise to microstructure development. To guaarihe existence of minimizers an
exact quasi-convex envelope of the corresponding energstiinal is derived. As a result mi-
crostructure occurs in both the displacment and micramtdield. The corresponding relaxed
energy is then used for finding the minimizers of the two fieldimization problem corre-
sponding to a micropolar continuum. Finite element forrmataand numerical simulations are
presented. Analytical and numerical results are discussed
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Error-controlled multiscale XFEM for crack propagation at macro-scale
and crack initiation at micro-scale of ceramic materials

Erwin Stein Tymofiy Gerasimov, Stefan Lohnert and Marcus Ruter

The eXtended Finite Element Method (XFEM) a substantiakgalization of FEM within the
concept of partition of unity methods (PUM) using fixed, ugueaegular meshes has been
proven to be an extremely powerful tool for crack simulasioespecially, while modeling and
computing complex systems with micro- and macro-strutfestures.

The problem we are interested in contains the three tophescrack propagation on a macro-
scale, the initiation of cracks on a micro-scale and theatescence, resulting in the appearance
of new macrocracks, and finally - and most importantly - thersimacro- scale processes
interaction. The direction of a growing macrocrack whidggders microcrack nucleation and
coalescence, is affected, in turn, by changing materigionese due to microcracks.

In this talk we first give an idea of error-controlled craclopagation modeling and show that
adaptive mesh refinements, which are guided by explicithgmated local error indicators, pro-
vide more accurate values of stress intensity factors aackgoropagation angle, than those
computed without refinements. Furthermore, the directr&stmation for the J-integral, serv-
ing as a criterion for crack propagation, will be explained aresented.

Modeling of microcrack nucleation and coalescence is zedlwithin the framework of Con-
tinuum Damage Mechanics (CDM), in particular in terms of a4mcal damage model using
the enhanced gradient formulation. Error estimation fa pinoblem is our ongoing research.
Finally, the transition between the two scales will be tadkh terms of the multiscale projection
method (Lohnert, Belytschko, 2007), the idea of which tlexplained. The notion of a model
error, which aims at optimizing the shape and size of a finkestmain, will be discussed.
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Line-tension model as thd’-limit of a nonlinear dislocation energy

Caterina lda ZeppierLucia Scardia

The motion of dislocations is regarded as the main causeastipldeformations, therefore a
large literature is focused on the problem of deriving ptatstmodels from more fundamental

dislocation models. The starting point of our derivatiomisemi-discrete dislocation model.
The main novelty of our approach is that we considapalineardislocation energy, whereas
most mathematical and engineering models are based onafigaginergies. Our choice of a
nonlinear stress-strain relation guarantees that theadisbn strain energy is well defined also
in the vicinity of the dislocations, eliminating the needmtfoducing a fictitious cut-off radius

that is typical of the linear theories. THelimit of our nonlinear dislocation energy as the
length of the Burgers vector tends to zero is a strain-gradreodel for plasticity and has the
same form as the limit energy obtained by starting from a rataddislocation energy. Our

result, however, is obtained by starting from a more redigdblysical model.
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Asymptotics for elastic fibers in contact
Zoufine Bare Julia Orlik

In this work a 3-D uni-lateral contact elasticity problenr o thin fiber with a rigid founda-
tion is studied. We approximate the contact condition bynadr Robin-boundary-condition
(by meaning of the penalized and linearized non-penetrata friction conditions, [1]). The
Robin parameters are scaled differently in the longituldamal cross-sectional directions. The
dimension of the problem is reduced by a standard ([2], @)l asymptotic approach with an
additional expansion suggested to fulfill the contact cools. The 3-D contact conditions re-
sult into 1-D Robin-boundary-conditions for corresporgirD PDEs. The Robin-coefficients
of the 1-D problem depend on the ones from the 3-D statemeithecross-section of the fiber
and on the solution of auxiliary problems in the boundaryetayThe error is estimated and
the theoretical results are illustrated by a numerical canspn of the solutions to the contact
problems for 3-D and 1-D beams for validation.
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A Virtual Laboratory to Derive Mechanical Properties
M. Diehl, P. Eisenlohr, F. Roters, and. D. Raabe

The mechanical performance of alloys is based on the kmetl interactions of lattice de-
fects at the nano- and microscale. Most high strength stgetstheir excellent stress—strain
profiles from effects that are related to the interaction iffecent phases, solutes, athermal
phase transformations, dislocation kinetics, mechamhigahing, precipitates, and microbands.
Crystal plasticity (CP) methods allow the description oé finteractions that may occur in
such compounds, based on adequate constitutive desnsptiothe kinetics that reflect the
underlying physics. Usually, the underlying constitutlagvs to capture the evolution and
structure—property relations associated with certaiedsfrepresent homogenized approaches
themselves, as they are formulated as mean field approxinsatiA key feature of advanced
constitutive models is the use of internal variables thid¢cedefect populations that are acces-
sible to an experiment and to a history-dependent treatofenaterials mechanics.

The simulation of the homogenized macroscopic mechaneta\ior of such complex ensem-
bles, which often go through more than one homogenizatisnmaption is often done on a
volume element (VE) with a structure representative forrttagerial (RVE). Usually, periodic
boundary conditions (PBCs) are enforced on the RVE. Whientlost commonly used Finite
Element Method (FEM) is flexible and widely accepted, it hagesal disadvantages: unfa-
vorable scaling for large problems, the necessity of meghand the inability to capture high
spatial gradients. An alternative for (R)VEs with PBCs grectral methods. They enable the
high resolution necessary to capture the details of a conmpierostructure.

We will show the capabilities of a spectral method [1] on tlkample of a dual phase steel
using a CP based material model [2]. As the input data for ithelation is directly derived
from real microstructures, the simulation results can lslyeaompared to experimental data.
The computation of the macroscopic mechanical responsseed as a “virtual laboratory” to
substitute mechanical tests in deriving parameters foctmeponent scale simulation of sheet
metal forming.

[1] N. Lahellec, J.C. Michel, H. Moulinec, and P. Suquet. InNdehe, editor, Volume 108
of Solid Mechanics and its Applicationpages 247-258, Dordrecht, The Netherlands,
2001. Kluwer Academic Publishers.

[2] F. Roters, P. Eisenlohr, L. Hantcherli, D.D. TjahjanioRR. Bieler, and D. RaabeActa
Mater, 58:1152-1211, 2010.
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Structural simulation of composites with morphological ansotropy based
on the NTFA

Felix Fritzenand Thomas Bohlke

Most engineering materials have a specific heterogeneaurssiiucture. The topology of the
microstructure is an important influence factor for the macopic material response and is,
hence, subject of many investigations. While the predictibthe linear properties is well un-
derstood, physical non-linearities cannot be treatedvotig the same conceptual line. In order
to overcome this short-coming Michel and Suquet [1] devetbp computational method for
the estimation of the non-linear behavior of isotropic tehorensional materials by extending
the concept of the Transformation Field Analysis introaubg Dvorak [2] through introduc-
tion of non-uniform inelastic modes. The methodology hasnbedapted to the Finite Element
Method in [3] with success. In this contribution the abilitfthe method to capture the inelastic
response of metal matrix composites with anisotropic giarthorphologies is investigated. The
elastic particles serve as a reinforcement of the ductdstetplastic metallic matrix material.
The macroscopic constitutive anisotropy of the heterogesenaterial is examined in terms of
the effective stress response and the load partitioningdsat the matrix and the reinforcement
and a good accuracy of the predicted load partioning is fdyndomparison with numerical
full-field computations [4]. A structural application ofdgthomogenized material model using
isotropic and anisotropic particle morphologies is présénThe differences in the structural
response induced by the particle morphology are exemplified
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Time-continuous evolution of microstructures in finite plasticity
C. GuntherD. M. Kochmann, K. Hackl

We investigate the initiation and evolution of material m&tructures in finite single-slip crys-
tal plasticity, which are not inherent to the material butwcas a result of deformation. An
interesting feature of such microstructures is, that teag to form similar spatial patterns, hint-
ing at a universal underlying mechanism. For purely elastiterials this mechanism has been
identified as minimization of global energy. For non-quasie@x potentials the minimizers are
not anymore continuous deformation fields, but small-sttatg#uations related to probability
distributions of deformation gradients, so-called Youngasures, which can be calculated via
relaxed potentials.[1,2]

We briefly review the variational framework which allows tdend these concepts to inelastic
materials. Central to this framework will be a Lagrange tiomal consisting of the sum of
elastic power and dissipation due to change of the intetatd of the material. Modifying this
approach for the treatment of laminate microstructuresniteficrystal plasticity, we present
explicit time-evolution equations for volume fractionsdainternal variables and outline a nu-
merical scheme by means of which the microstructure ewmiutan be computed. Numerical
results will confirm the effective applicability of the nuneal procedure.
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DFG-Forschergruppe 797, Subproject P5
“Regularizations and relaxations of time-continuous prolems in
plasticity”

Alexander Mielke and Sebastian Heinz

The theory of finite-strain elastoplasticity has been dgved quite rapidly during the last
decade. The major impulses for this were twofold: on the aredhthe discovery that time-
incremental problems can be formulated as minimizatiobleras and, on the other hand, the
recent developments in the field of microstructures geadray infimizing sequences of func-
tionals. In mathematical theory, the formation of micrasture is mostly treated via global
minimization for static problems. In contrast to that, oum & to derive models for the evolu-
tion of microstructure under slowly varying loads.

This project is devoted to the study of temporal evolutiordeis for plasticity and for systems
with microstructure in general. Using spatial regulaiimatvia higher gradients and tempo-
ral regularization via viscosity, we first want to derive hhatical models that allow for an
existence theory of solutions without microstructure. Témporal regularization will lead to
time-continuous solutions and thus avoid the problems meguhrough global minimization.
Starting from these solutions, we then generalize the tBcdaveloped energetic formulation
for rate-independend processes.

As a prelimenary step, this program will be studied via sifrgfl model problems, for which
existence, uniqueness and convergence of numerical sstenée proven and tested. Finally,
the more difficult case of geometrically exact finite-straiastoplasticity will be attacked.
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On thermodynamical interpretation of the Cosserat continum with
microstructure

E. A. Ivanova

The mechanical model of a two-component medium is considefiehe first component of
the medium is the classical continuum and the other compgasdine continuum having only
the rotational degrees of freedom. The presence of additimtational degrees of freedom
and additional inertia and elastic characteristics allog/$o assign them the sense of the ther-
modynamical variables and constants [1, 2]. The mathealaliescription of the proposed
mechanical model includes the classical formulation ofpbed problem of thermoelasticity as
a particular case. In the context of proposed theory we densghe original model of inter-
nal damping and give interpretation of the volume (acoysind shear viscosities. There exist
different macroscopic and microscopic models of interraahding [3, 4]. This fact indicates
that internal damping can have a different physical natir@ur opinion there exists a sort of
internal damping which, as well as the heat conduction m@shg should be considered as
a result of interaction of atoms with some infinite surroungdmedium. This medium can be
called the vacuum, or the field, or else the “ether”, the nameot important. We propose the
mechanical model of the medium which is the continuum ofiplag having the translational
and rotational degrees of freedom and interacting by th&tielmoments. We consider some
problems of elastic interaction of the medium with the mdetbeing in it. As a result we show
that the influence of the surrounding medium on the partialelwe modelled by the damping
moment proportional to the angular moment of the particlsingl of the damping moment in
the model of a two-component medium allows us to describétieenal damping and the heat
conduction mechanism.
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Microstructural Optimization of Dielectric Elastomer Act uators
M. Klassen B. X. Xu and R. Mller

Dielectric elastomer actuators (DEAS) are characterizethb deformation behavior of a di-
electric elastomer which is deformed through the applcatif an electric field. This physical
phenomenon is based on the electromechanical couplingevdreelectric field polarizes the
dielectric elastomer leading to the deformation of the malteSince dielectric elastomers are
rather soft materials, the deformations are relativelgdasut with a low actuation force. The
range of the actuation forces and deformations is compatalmatural muscles. This motivates
the application of DEAs in the field of robotics where they banapplied as artificial muscles.
But this is only one of the many possible application fieldstfis type of actuators.

In the present work the deformation performance of DEAsudisd in the context of the finite
element method. For this reason a brief overview of the foretdal equations for electrome-
chanics is given. Furthermore a modeling approach to eealimumerical implementation is
also presented. In this modeling context different makenadels are taken into consideration
to model the dielectric elastomer numerically. One of themfacuses on this study is the
optimization of the compression behavior of dielectriacuators. For this purpose a sandwich
structure consisting of the dielectric material betweea t@mpliant electrodes is considered.
For optimization purposes microstructural inhomogeasitire inserted in the elastomer ma-
terial. Numerical studies are made to analyze and comparedmpression behavior of the
microstructural sandwich structure. In this optimizatmontext different material inclusions
and geometries are considered.
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A two scale model for liquid phase epitaxy with elasticity

Michael Kutter

We study a two-scale model for liquid phase epitaxy withteddg. The model has been derived
via homogenization by formal asymptotic expansion in [R¢dnsists of a macroscopic Navier—
Stokes—System and a macroscopic convection-diffusioateaqufor the transport of matter in
the liquid, and a microscopic problem that combines a plfiatt-approximation of a BCF-
model, a Stokes system and an elasticity system for the grand the elastic deformation of
the solid film. For each of these problems we proved in [3] tkistence and uniqueness of
solutions under the assumption that the coupling data &engsufficiently regular functions.
These results are a first step in the proof of the existencelofigns to the full model via a
suitable fixpoint argument, applied to the composition girapriate solution operators, as it
has been done for a corresponding model without elastiTify]i
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Convergence rate for the approximation of effective diffuson by
periodization in stochastic homogenization

Stefan NeukammAntoine Gloria and Felix Otto

We consider the stochastic homogenization of linear &lgquations with random statistically
homogeneous coefficients. The large scale behavior of suelgaation is described by effec-
tive coefficients that are deterministic. They can be oleiby solving acorrector problem
Since the corrector problem has to be solved on an infiniteadiorn practice, one has to make
approximations. We are interested in the convergenceaaterbp of the associated error.
Therefore, we study a simple situation, namely a discréifgtielequation on the latticé&<, d >

2, with random coefficients that are identically distribuéend] independent. We estimate tlre
error made in the approximation of the effective coefficsdoy the periodization method. We
show that the error decays (up to a logarithmic correctionlfe: 2) with the rateL.~%? where

L is the size of the underlying periodicity cell. In our argurheve decompose the error into
two contributions that we call the random and systematmrefithey monitor the fluctuation of
the periodic approximation around its mean, and the effettteoperiodic boundary conditions,
respectively. We show that the random error is dominantlenthe systematic error is of higher
order. We explain that this observation can be used to seiip@alyze approximation schemes
that combine periodization, regularization and empiraadraging.
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TRIP steel — modelling and simulation of the interactions baveen
phase-transformations and plasticity

R. Ostwald T. Bartel, A. Menzel, M. Tiffe, D. Biermann, M. Lebsanft, Bcholtes

The interactions of phase-transformations and plastpdy an important role in machining
workpieces made of functionally graded materials [1]. [is thork, we present an efficient
model for the simulation of phase-transformations andtifg in TRIP steel. The model
is based on a micromechanically motivated and thermodyealiniconsistent scalar-valued
material model for shape memory alloys [2], in which the etioh of volume fractions is
based on laws derived from statistical physics. We adaptibael to TRIP steel and extend it
to the incorporation of plasticity by an appropriate gehsasion of the Helmholtz free energies
of the material phases considered. Based on represerdatnmg forces, we derive evolution
equations for the individual plastic strains in each mategrhase [3].

Though the model allows to consider an arbitrary number asph, we focus on the diffusion-
less transformation between the austenitic parent phabka arartensitic tension and compres-
sion phase in the current work. The obtained systems of Bealaquations are solved in a stag-
gered algorithm, where we additionally introduce a phylsiaaotivated plasticity inheritance
law in order to account for incremental changes of plasti&irs$ resulting from incremental
changes of volume fractions.

The overall scalar-valued material model is embedded imaceo-sphere formulation in order
to simulate three-dimensional boundary value problemanétical examples are carried our
for homogeneous deformation states as well as for inhonmemendeformations in a finite
element context. It is shown that the model is capable ofatifig experimentally observed
behaviour of TRIP steel.
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Finite Element Based Electronic Structure Calculations

Volker SchauerChristian Linder
Institute of Applied Mechanics, University of Stuttgarte@any

Many properties of condensed matter as for example electmcluctivity, magnetism, me-
chanical response upon external excitations but also tmeafiton of microstructures can be
determined by the electronic structure of the material. @vaduation of the electronic struc-
ture represents a coupled, quantum mechanical many bobtiepmpconsisting of the positively
charged atomic cores and the negatively charged, ferméeatrons. By the Hohenberg-Kohn
theorem a method was established to calculate the groutedetéztron density through a den-
sity functional [1]. The resulting Kohn-Sham equationsrable a nonlinear, single body prob-
lem with an effective potential, accounting for the Coulomteractions between the particles
as well as for quantum mechanical effects. They can be soiithih a self consistent field
procedure.

We implement a real space formulation for the calculatiotinefelectronic structure in the con-
text of density functional theory. In a first step a finite e@rhbased solution algorithm for the
Kohn-Sham equations is developed in line with [2], basedhugbich the electron density can
be obtained in a non-periodic setting. We will present thedalements of our implementation
together with some results for the electron structure ajlsiatoms and molecules.
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Construction of Statistically Similar RVEs for 3D Microstr uctures

L. ScheunemanD. Balzani, D. Brands, J. Schroder
Institute of Mechanics, Faculty of Engineering, Universit Duisburg-Essen

The improvement of the stability and the reduction of weigte important requirements in
many fields of steel application, e.g. automotive engimgear aircraft construction. On that
account, several advanced high strength steels (AHSSSs) lieen developed, which exhibit
higher strength and enhanced formability compared to adiveal steel types. Their mi-
crostructure strongly influences the overall material priaps and should therefore be incorpo-
rated in numerical calculations. The Ffethod, also known as direct micro-macro transition,
is a suitable numerical tool for this purpose, see e. g. 4L],A drawback of these direct ho-
mogenization methods is the high amount of memory and higipcation time when applying
them to large random microstructures. In this context, gfendion of a statistically similar rep-
resentative volume element (SSRVE), cf. [3], which is chemazed by a significantly reduced
complexity compared with real microstructures, leads toen@ificient procedures. Therefore,
we propose to construct such SSRVEs based on the mininmizatia least-square functional
considering the differences of suitable statistical measharacterizing the inclusion mor-
phology of a given real microstructure and of the SSRVE. IntB® construction of SSRVEs
proves to be successfull in a series of numerical exampleS8)] ¢4].

The focus of our contribution is the extension of this methodhe construction of three-
dimensional SSRVEs. Therefore, we consider the phasednat¢he spectral density and the
lineal-path function with respect to the inclusion phasetf® evaluation of the least-square
functional. As a target structure we use a real microstrectd a Dual-Phase steel which is
obtained from 3D measurements based on Electron BacksBatffiaction (EBSD) combined
with a Focused lon Beam (FIB), cf. [5].
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The maximal advance path constraint
for the homogenization of materials with random network
microstructures

Mykola Tkachuk Christian Linder
Institute of Applied Mechanics, University of Stuttgarte@any

Network paths allow to formulate the constraints relatimginacrodeformation of the materials
with the random network microstructure to the microscoméodnation of one-dimensional

strands constituting it. The latter incorporates reoagah and stretch [1] that both may be
essentially non-affine [2].

In particular, specific paths that have the maximal advameecertain direction, called maximal
advance paths are considered. They are defined in the uttldformed configuration of the
network where all the chains have unit stretch and are ateatually in all directions. The
end-to-end vector of a path made by a large selection of stfemm this assembly becomes
a macroscopic object and deforms correspondingly. On ther dtand this deformed path is
composed of the deformed strands and is defined by the avefage microstretch vectors
over the path. As a result the known macroscopic extensisuo paths restrict the varia-
tion of the stretch in the network. Provided that the netwatrla given macrostretch strives
to minimize its free energy the microdeformation of the fients is found as a solution to a
constraint minimization problem. The homogenized respafishe material is then derived by
the averaging over the relaxed network. The key questidmeis the free energy as a function
of the microstretch distribution. Different generic enetgrms are considered with respect to
the unigueness of the minima and the stability of the resgiliomogenized material.

Finally, the numerical implementation of the developed eiaglproposed. This is based on the
approximation of the variable microstretch on the micr@splof space orientations [2].
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