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Blum Hall 100 – Micro- and Nano-Scale Modeling of hcp Alloys
Introducing Probabilistic Distributions at the Mesoscale for the Modeling of Hexagonal Materials
Carlos Tome, MST - Los Alamos National Laboratory
The macroscopic mechanical response of polycrystals is the average manifestation of local behavior and
states inside the grains. Such local behavior and states (i.e.: dislocation and twin structures, stress
distributions) is usually very inhomogeneous. And, while macroscopic models tend to describe the
mechanical response in terms of effective average magnitudes (such as average dislocation density), the
aforementioned inhomogeneity affects in some cases the macroscopic response, especially when strainpath-changes are involved.
In our DOE-BES Program on HCP materials we are performing statistical characterization of micro-structure,
and accounting for distributions when developing grain-scale models. The latter are in turn implemented
probabilistically into the polycrystal simulation models VPSC and E-VPSC.
Here we present three examples of such approach, dealing with twin nucleation, twin growth, and stress
relaxation. Twin nucleation is driven by local stresses and atomistic states at grain boundaries, which
explains the proportion of twin variants associated with mechanical deformation of Mg. Twin growth is
affected by back stresses induced by the twin shear transformation and by the reaction to it coming from
neighboring grains. Finally, neutron diffraction shows that there is substantial evolution of internal stress
during strain holds. The stress relaxation and its time dependence can be explained in terms of the stress
distributions induced by the mechanical loading inside the grains.
Constitutive Modeling of Commercial Pure Titanium Using Crystal Plasticity Homogenization Method
Yui Yoshihara1, Yuichi Tadano2, Yoshinori Ito2
1
Saga University, 2Kobe Steel, Ltd
In recent years, an attention has been drawn to metallic materials with the hexagonal close-packed (HCP)
structure such as the magnesium and titanium. The titanium has a high heat resistance and a high corrosion
resistance, and can be used as the structural materials under severe conditions. On the other hand, metallic
materials with HCP structure generally have poor formability. Therefore, a development of high-accuracy
constitutive model for HCP metals is strongly expected. There are two principal reasons of poor formability of
HCP metals: the strong anisotropy in the crystalline scale and the deformation twinning. Understanding the
deformation mechanism of HCP metals in the crystalline scale and its effect on the macroscopic scale are
important in improving the formability of HCP metals.
In this study, a constitutive model of commercial pure titanium is presented in the crystal plasticity
framework. As for the magnesium, it is known that the primary slip system is the basal system and other slip
systems, i.e. the prismatic and pyramidal systems, have higher critical resolved shear stresses. However,
many previous studies suggested that the tendency of crystalline scale deformation in titanium is different
from that of magnesium. The prismatic slip system is primary one, and the compressive twinning, which is
hard to occur in the magnesium, is also activated. This experimental knowledge is taken into account in the
present constitutive model. The crystal plasticity homogenization method is introduced for representing the
polycrystalline material behaviors. Using the proposed model, the effect of the critical resolved shear stress
and hardening law of each slip system on the macroscopic slow stress is numerically investigated.
An Investigation into Length-Scale Effects in hcp Alloys
Mitchell Cuddihy, Fionn Dunne, Imperial College London
This paper presents a systematic study of cold dwell fatigue across a representative range of in-service aphase titanium alloys of various effective structural unit sizes.
A strain gradient enhanced, rate-dependent crystal plasticity framework has been utilized to examine the
length-scale effects in model a-Ti polycrystal behaviour. The model is calibrated against published
experimental data and captures the demonstrated strain rate sensitivity, key in cold dwell fatigue. Lengthscale effects are accounted for by the incorporation of geometrically necessary dislocations (GND) in a
Taylor hardening model. Single crystal, four-point bending beam models of varying cross-section size are
used as calibration for the polycrystal models; establishing a relationship between size and GND
accumulation.
Following on from this, a representative series of pseudo-randomly orientated grains are simulated in a
directionally solidified, 3D polycrystal, subjected to the appropriate loading conditions for dwell fatigue. These
models have the rogue pairing of hard and soft grains, crucial for cold dwell, deeply embedded in the centre
of the model, so as to minimise boundary effects. The local effects of length-scale on cold dwell fatigue are
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examined, in particular, the stress redistribution at the hard-grain / soft-grain boundary, understood to be a
key driver of facet nucleation. A connection is made between average grain size and stress redistribution,
noting that in some cases, higher operational stresses are required for smaller grains to generate peak
boundary stresses in the hard grain similar to that observed in the larger grain models.
Investigation of Localized Deformation in Twins and the Surrounding Neighbourhoods
Hamidreza Abdolvand, Angus Wilkinson, University of Oxford
Generally, in the absence of easy slip systems, tension along the c-axis of hexagonal close-packed crystals
results in reorientation of portion of a grain which is called twinning. Understanding twinning is challenging as
it is a dynamic process. In this research, stress field around twin tips of a deformed zirconium sample is
investigated using a high resolution electron backscatter diffraction technique. Orientation maps of clusters of
grains surrounding twins are imported into a finite element solver to model plastic deformation at twin tips
using a crystal plasticity code. It is shown that there is a significant stress heterogeneity within twins and at
areas close to twin tips within the neighboring grains.
Twinning Interactions in Re and Re – 10% W
Josh Kacher1, Maarten de Jong2, Mark Asta2, Andrew Minor1
1
UC Berkeley and Lawrence Berkeley National Laboratory, 2UC Berkeley
Of the refractory metals, rhenium is unique in that it has an HCP crystal structure and retains its ductility at
low temperatures. It is also unusual among HCP materials as it has an anomalously low {112¯1}-type twin
boundary energy, resulting in its deformation being dominated by {112¯1}-type twinning rather than the more
commonly seen {101¯2} twinning. Recent computational results have suggested that additions of solute W
may further decrease the {112¯1}-type twin boundary energy of Re, increasing its ductility. I will present
results on electron backscatter diffraction (EBSD) and transmission electron microscopy (TEM)
characterization of pure rhenium and Re – 10% W after uniaxial compression as well as in situ TEM
compression tests investigating twin nucleation and propagation behavior. An emphasis will be placed on
investigating twin interactions with grain boundaries. The results indicate that the barrier strength of grain
boundaries to twin propagation sharply increases at misorientation angles around 25-30°. In addition, it is
shown that the average twin width decreases with additions of solute W, suggesting that W does decrease
the twinning energy of Re.
Hearst 290 – Nonlinear Elasticity and Viscoelasticity
Elastic Constitutive Laws and Stability Analysis
Reyolando Brasil1, J.M.Balthazar2
1
M.L.R.F., Federal University of ABC, Brazil, 2São Paulo State University, Brazil
We discuss the influence of several elastic constitutive laws upon the stability analysis of plane trusses.
These laws relate to the engineering strain, Green’s strain and logarithmic strain concepts. We develop a
geometrically exact nonlinear formulation for a plane truss bar element for each of these laws and the
respective element tangent stiffness matrices.
We perform the stability analysis of some trusses by finding when the determinant of their global tangente
stiffness matrix is zero. The first example is a symmetric two-bar structure and we plot both limit and
buckling loads for the full range of initial inclination of the bars, for each of the three constitutive laws. We
study a similar truss with an extra vertical bar to present possible material instability using Green’s strain
concept.
Prestrain Dependent Constitutive Model for Highly Filled Elastomers
Dimitri Jalocha1,2, Andre Constantinescu1, Robert Neviere2
1
LMS Polytechnique, 2SAFRAN HERAKLES
The composite under scrutiny here is a filled elastomer: an elastomeric matrix with rigid inclusion. An
increasing of the volume ratio of inclusions into the matrix will increase the nonlinearities in the viscoelastic
properties of the composite. The volume ratio of the inclusions can vary from 30% for reinforced rubbers to
70% for solid propellants. In the higher end of the volume ratio, nonlinearities are really strong and model the
viscoelastic behavior is difficult. Several nonlinear effects are studied in the literature. The diminution of the
stiffness of reinforced elastomers with respect to the amplitude of a dynamic load, denoted as Payne effect,
was discussed for example in [1]. The influence of the static part of a dynamic load was reported in [2]. The
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objective of this paper is to develop a viscoelastic constitutive model taking into account the influence of a
prestrain on the mechanical behavior.
The constitutive model proposed here start from the definition a free energy potential with internal variable.
Each variable is related to two parameters: the relaxation time and the viscosity. These parameters are
determined from experimental measurements and related to a discrete spectrum of relaxation times. The
prestrain dependent viscoelastic behavior of filled elastomer is highlighted by experimental measurements of
the relaxation and the complex moduli superimposed with a static strain. A prestrain dependent continuous
spectrum of relaxation time [3] is identified from the measures of the moduli. The standard passage from the
continuous spectrum to the so called discrete Prony’s series induces prestrain dependent parameters. These
identified parameters are used to describe the evolution of the internal variables of the free energy potential.
We propose a filter to decompose a strain signal into a static and dynamic part. This permits to complete the
model. The effects of the prestrain dependent constitutive model will finally be discussed and compared with
measurements on specimens and on a complete structure.
[1] A. Payne. The dynamic properties of carbon black-loaded natural rubber vulcanizates. part I. Journal of
Applied Polymer Science, 6:53–57, 1962.
[2] A. Azoug, A. Constantinescu, R. Pradeilles-Duval, M.F Vallat, R. Neviere, and B. Haidar. Effect of the sol
fraction and hydrostatic deformation on the viscoelastic behavior of prestrained highly filled elastomers.
Journal of Applied Polymer Science, 127:1772–1780, 2013.
[3] T. Smith. Empirical equations for representing viscoelastic functions and for deriving spectra. Journal of
Polymer Science, 35:39–50, 1971.
Swelling-induced Buckling Patterns in Gel Films with a Square Array of Holes Subjected to
Pretensions
Dai Okumura, Akira Sasaki, Nobutada Ohno, Nagoya University
We investigate swelling-induced buckling patterns in polymeric films with a square array of holes subjected
to in-plane pretensions. To reproduce experiments conducted by Zhang et al. [1], PDMS films are prestrained in in-plane uniaxial tension in an array direction, and subsequently swelled by toluene. Finite
element analysis is performed using the approach conducted by Okumura et al. [2]; periodic units are
analyzed using the inhomogeneous field theory for polymeric gels in equilibrium developed by Hong et al. [3].
A generalized plane strain assumption is used to analyze periodic units consisting of 2x2 and 10x10 unit
cells.
Analysis shows that the resulting buckling patterns depend on the increase in uniaxial pretension, evolving
as a diamond plate pattern (DPP), a slightly distorted DPP, a binary pattern of circles and lines and a
monotonous pattern of elliptical slits. These predictions are in very good agreement with experiments. These
different patterns appear continuously as transitional states during transformation into DPPs. In addition, to
investigate the potential ability to create more diversified patterns, uniaxial pretension in different directions
and biaxial pretension are considered in finite element analysis. The resulting patterns are found to be highly
diversified depending sensitively on a type and magnitude of pretensions, and come from either
transformation into DPPs or no pattern transformation. Pattern transformation diagrams are shown to consist
of three regions of DPPs, transitional patterns and monotonous patterns. Pretensions act not only as
distorting the initial arrangements of a square array of holes but also as delaying the onset of transformation
into DPPs. When equilibrium swelling interrupts the progress of the transformation, diversified patterns
appear as transitional patterns.
[1] Zhang, Y., Matsumoto, E.A., Peter, A., Lin, P.C., Kamien, R.D., Yang, S., 2008. One-step nanoscale
assembly of complex structures via harnessing of an elastic instability. Nano Lett. 8, 1192–1196.
[2] Okumura, D., Kuwayama, T., Ohno, N., 2014. Effect of geometrical imperfections on swelling-induced
buckling patterns in gel films with a square lattice of holes. Int. J. Solids Struct. 51, 154–163.
[3] Hong, W., Liu, Z.S., Suo, Z., 2009. Inhomogeneous swelling of a gel in equilibrium with a solvent and
mechanical load. Int. J. Solids Struct. 46, 3282–3289.
Stability Boundaries for Highly Stretched Elastic Sheets
Tim Healey, Cornell University
We consider models for highly stretched rectangular elastic sheets, incorporating finite hyper-elasticity
membrane models and small elastic bending. This represents a continuation of our earlier work, based on
St.Venant-Kirchhoff materials [1]. In particular, we consider membrane models derived from neo-Hookean
and Mooney-Rivlin materials.
We first address existence questions in terms of minimum potential energy arguments. We then present
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stability boundaries in the two-dimensional parameter space corresponding to the macroscopic strain and
aspect ratio. The computed boundaries are closed, convex curves, separating unwrinkled states from stable
wrinkled states, the latter occurring for parameter values inside the boundaries. This yields the following:
when wrinkling occurs (for a given fixed fine thickness and aspect ratio), it corresponds to a so-called isolacenter bifurcation: Meaning that as the macroscopic strain is gradually increased, the wrinkles initiate at a
critical value, slightly increase at first and subsequently decrease in amplitude, before finally disappearing
again – all occurring at the same fixed wavelength. In addition, wrinkling does not occur for aspect ratios that
are either too large or too small. As already demonstrated in [1], the popular Foppl-von Karman model
erroneously predicts wrinkling in large regions of parameter space, and equally bad, predicts wrinkling as a
pitchfork-bifurcation phenomena: Meaning that the wrinkling amplitude grows indefinitely as the macroscopic
strain is increased.
Although the results discussed herewith are in qualitative agreement with those of [1], the closed convex
stability boundaries obtained for the more realistic neo-Hookean and Mooney Rivlin materials are larger in
terms of enclosed area than those found in [1], i.e., the St. Venant-Kirchhoff model is overly stiff. The
difference between the results for the two models considered in this study are negligible.
[1] T.J. Healey, Q. Li, R.-B. Cheng, J. Nonlinear Sci (2013) 23: 777-805.
Bechtel 240 – Plasticity and Viscoplasticity
Modeling of Cross-Slip as the Most Important Single Process Underlying Plastic Properties of
Materials
Jan Kratochvil, Mirek Kolar, Michal Benes, Peter Paus, Czech Technical University
Cross-slip underlies the complex spatio-temporal developments in microstructure leading to hardening,
dislocation pattern formation, and dynamic recovery. It allows the screw dislocations to change the slip
planes and thus to bypass obstacles or to glide to annihilation with a screw dislocation of opposite sign on a
neighboring slip plane. The three-dimensional mobility of dislocations leads to formation of dislocation
boundaries subdividing the deformation microstructure. In general, the saturation observed in cyclically
deformed metals and at severe plastic deformation is controlled or at least assisted by cross-slip annihilation.
However, despite extended research since 1950s, cross-slip remains one of the lesser understood aspects
of plastic deformation. One of the main open problems is the physical nature of the cross-slip process: is
cross-slip stochastic, thermally activated or deterministic, stress controlled process? An answer to this
question is crucial for modeling of cross-slip and understanding of its role in the above mentioned
mechanisms of plastic deformation. The prevailing point of view is that cross-slip is a thermally controlled
phenomenon being at the origin of thermally activated material properties (in the classical dislocation
dynamics simulations, cross-slip is considered in a stochastic manner). The reason is that even in medium to
high stacking fault metals as, e.g., Cu and Ni, the cores of dislocations are extended. For cross-slip to occur,
the core has to be constricted. The recent atomistic simulation has revealed that the activation barrier for a
screw dislocation intersecting a forest dislocation is a factor 3 - 20 lower than that for cross-slip in isolation or
it can even reach zero. The role of the stacking fault, the dislocation core extension, and its constriction as
coming from the atomistic simulations is not clear at present. On the other hand, in our approach cross-slip is
treated as the deterministic, mechanically activated process governed by the applied stress, by the
interaction force between dislocations, and by the line tension. In view of the rather uncertain situation
coming from the atomistic simulations, the extension of the dislocations core is neglected. Our dislocation
dynamics model predicts the critical annihilation distance and the cyclic saturation stress in agreement with
the available experimental data for Cu, Ni and Ag single crystals in a wide range of temperatures.
Micromechanical Deformation in Single-Crystal Nickel-based Superalloy: Direct Dislocation
Dynamics and Crystal Plasticity
F. Farukh, Lin Bing, Liguo Zhao, Anish Roy, Vadim Silberschmidt, Wolfson School of Mechanical and
Manufacturing Eng. Loughborough Univ
Nickel-based superalloys were developed to provide a combination of superior properties such as strength,
toughness and thermal resistance thanks to their specific microstructure. Hence, they are suitable for
applications as structural components operating under high mechanical and thermal loads and harsh
environments. These superalloys are typically used in turbine blades and discs in hot sections of gas
turbines. Understanding cyclic deformation of nickel-based superalloys is of importance, since it determines
a service life of structural components, which are generally subjected to fatigue during operation. In this
paper, cyclic deformation of a single-crystal nickel superalloy (CMSX4) was modeled from a
micromechanical point of view. Both discreet-dislocation-dynamics (DDD) and crystal-plasticity (CP)
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schemes were used in simulations, extended a continuum approach that is generally adopted [1]. Calibration
of the models was carried out using experimental data obtained for <001> and <111> directions under strain
control.
In CP modelling, finite-element (FE) analyses with a user-defined material subroutine (UMAT) interfaced
with the commercial package ABAQUS were carried out with consideration of γʹ′-precipitates. In DDD
modelling, a representative volume cell with both γʹ′-precipitates and γ-matrix phase and periodic boundary
condition were employed. Random Frank-Read sources with an initial dislocation density were introduced on
the {111} slip planes. A mobility law for dislocation glide and climb [2] was used to model interactions of
dislocations with precipitates, including their shearing/cutting by superdislocations.
After calibrating the two models, a global stress-strain response and a localized stress-strain behavior were
studied, and the results obtained with both approaches were compared. Particular attention was given to
distributions of stresses and strains at precipitate level, to study the cause of crack initiation and subsequent
failure of the material under fatigue.
Key words: Micromechanical deformation, Crystal plasticity, Finite element, Direct dislocation dynamics,
Nickel superalloys.
Deformation Patterning in Crystal Plasticity Induced by Non-Convex Plastic Energies
Giovanni Lancioni, Gianluca Zitti, Polytechnic University of Marche
The plastic deformation patterning induced by non-convex energies is investigated in the context of multi-slip
crystal plasticity. A variational approach is followed, which brings to a rate-independent model which exhibit
many similarities with the rate-dependent formulation proposed in [Yalcinkaya, Brekelmans, Geers, Int. J. of
Solids and Structures, 49, 2625-2636, 2012]. The basic difference is that the plastic energy is supposed
totally dissipated in the rate-independent model, while it is stored in the rate-dependent model, and
dissipation is due to viscous stresses. Material characteristic lengths are incorporated through a gradient
potential. The influence of the form of the plastic potential on the evolution of the microstructures is
addressed.
Two different plastic potential are considered. First a Landau-Devonshire double-wells plastic potential is
assumed, which results in a Ginzburg-Landau phase-field-like relation for the evolution of plastic slip, where
the different phases are identified as regions with high plastic and low plastic strain. Then the physically
based non-convex plastic energy proposed in [Ortiz and Repetto, J. of the Mechanics and Physics of Solids
47, 397–462, 1999] is considered, which accounts for latent hardening due to slip system interactions.
Numerical simulations are performed and the evolution of slip patterning is discussed.
Strategies for Rapid Parametric Assessment of Microstructure-Sensitive Fatigue for HCP Systems
Matthew Priddy, Noah Paulson, Surya Kalidindi, David McDowell , Georgia Institute of Technology
The purpose of this work is to assess extreme value driving forces for fatigue crack formation in Ti alloys,
specifically Ti-6Al-4V. Traditionally, crystal plasticity finite element method (CPFEM) simulations have been
used to capture the variability in the local response, but these types of simulations can be extremely
computationally expensive. Additionally, the exploration of the microstructure space (e.g. multiple processing
paths, textures, etc.) requires a more efficient workflow due to the increased amount of generated data.
Therefore, this work combines the local accuracy of CPFEM with the high-throughput Materials Knowledge
System (MKS) approach to estimate microstructure-sensitive responses of HCP crystals for high-cycle
fatigue (HCF). The anisotropic elastic response is captured in the MKS approach and plasticity is estimated
via a numerical integration algorithm that employs constitutive relations similar to the CPFEM. Results for
distributions of Fatigue Indicator Parameters (FIPs) based on spectral representation of microstructure
spatial correlations in the MKS approach are compared with a compilation of parametric simulations using
Statistical Volume Elements (SVEs) of polycrystalline microstructure evaluated using CPFEM. It is shown
that trends are recovered in the HCF regime with the high-throughput MKS method.
Cyclic Inelastic Constitutive Equations of the Hot Turboengine Components
Farrida Azzouz1, Anais Gaubert2, Pascale Kanoute3, Clara Moriconi4
1
PSL Research University, 2Snecma Groupe SAFRAN, 3ONERA, 4Turbomeca Groupe SAFRAN
The hot section of aeronautical structures are subjected to complex thermal and mechanical
loads involving fatigue, creep and also creep-fatigue interaction and crack propagation.
In order to correctly estimate the life assessment of components, a 3D cyclic inelastic analysis is necessary.
To do so, inelastic constitutive equations that are able to account all or major material experimental
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observations at different temperatures are used. In this contribution elasto-viscoplastic constitutive equations
used in cyclic inelastic analysis are given. In particular, the recent progress of the crystal anisotropic law for
the description of single crystal superalloys (blades). Also, a new behavior model to better reflect the most
frequent experimental facts on combustion chambers materials under cyclic loading as very pronounced
hardening, dynamic strain aging, memory effect and static recovery at high temperature. The paper gives a
short review of these models. A complete material parameter identification of a single-crystal nickel-based
superalloy with rhenium CMSX-4 (blades) and nickel-based superalloy HatelloyX (combustion chambers) is
given for several temperatures. Such advanced viscoplastic material models are available for users by
means of Z-mat library, which implements a series of constitutive equations.
Sibley Auditorium – Multiscale Modeling
Determination of Material Parameters Corresponding to Viscoelastic Curing Polymers
1
2
Sandra Klinge , Paul Steinmann
1
2
Technical University Dortmund, University of Erlangen-Nurenberg
Two goals characterize the present contribution: First, the development of a numerical approach for
determining the properties of the material microstructure, and second, the shift of the focus of the inverse
analysis from investigating a purely elastic material toward the parameter identification related to
heterogeneous inelastic materials. As a rule, the constitutive laws in this case involve a greater number of
material parameters the determination of which requires different kinds of tests.
The numerical approach proposed uses the combination of the Levenberg-Marquardt method and the
multiscale FEM. The former is a gradient-based method coupling the advantages of the steepest descent
method and of the minimization of the Taylor approximation of a function. On the other hand, the multiscale
FEM is a numerical homogenization method such that the coupling of the macroscopic and microscopic
scales is realized through the Hill macro-homogeneity condition. Here, the macroscopic scale corresponds to
the structural level while the microscale is related to the RVE response. The proposed scenario is
advantageous as it is easily applicable for different microheterogenous materials. For this purpose, the global
algorithm has to be retained whereas the material subroutines have to be exchanged at the microlevel.
The application of the method is demonstrated on the basis of an example studying a curing polymer
combined with a nonlinear elastic material. The mechanical model related to the curing material includes an
equilibrium and a non-equilibrium part and depends on 11 material constants. The potential of the elastic
inclusion corresponds to the neo-Hooke material and includes two material parameters. The identification
procedure proposed comprises three phases: The final elastic parameters of the curing material and the
elastic parameters of the inclusion are determined at the first stage. The second stage deals with the
evaluation of the final value of the relaxation time and the elastic parameters related to the curing material.
Finally, the last stage determines the constants related to the curing process.
The simulations at the first phase show that the procedure is highly sensitive on the quality of measured
values and that their error leads to the inaccuracy and to the non-uniqueness of the solution. This
shortcoming opens many interesting issues which can be studied in the future.
Modelling the Microstructure and the Viscoelastic Behaviour of Carbon Black Filled Rubber Materials
from 3D Simulations
Dominique Jeulin1, Bruno Figliuzzi1, Matthieu Faessel1, François Willot1, Masataka Koishi2,
Naoya Kowatari2
1
Ctr for Mathematical Morphology, MINES Paristech PSL Research University
2
KOISHI Lab. R&D Center The Yokohama Rubber Co.,Ltd
Volume fraction and spatial repartition of fillers impact the physical properties of rubber. Extended
percolating networks of nano-sized fillers significantly modify the macroscopic mechanical properties of
rubbers (3-5). An important step to predict mechanical properties of rubber uses random models describing
their multiscale microstructure. From TEM image analysis, various types of multiscale models were proposed
and validated, accounting for the non-homogeneous distribution of fillers (1-3): in the present work,
aggregates are located outside of an exclusion polymer simulated by two families of random models.
The first model generates the exclusion polymer by a Boolean model of spheres.
In the second model, the exclusion polymer is a mosaic model built from a Johnson-Mehl tessellation. Here
the exclusion polymer and the polymer containing the filler show a similar morphology, contrary to the
Boolean model.
Aggregates are then described as the intersection of a Boolean model of spheres and of the
complementary of the exclusion polymer. Finally, carbon black particles are simulated by a Cox model of
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spheres in the aggregates. The models rely on a limited number of parameters fitted from experimental
covariance and cumulative granulometry.The influence of the model parameters on percolation properties of
the models is studied numerically from 3D simulations (4). Finally, the viscoelastic properties of simulated 3D
microstructures were computed using Fast Fourier Transforms (6) applied to media with complex elastic
moduli, to account for the effect of the sollicitations frequency.
(1) L. Savary, D. Jeulin, and A. Thorel. Morphological analysis of carbon polymer
composite materials from thick sections. Acta Stereologica (Slovenia), 18(3):297-303, 1999.
(2) A. Delarue and D. Jeulin. 3d morphological analysis of composite materials with aggregates of spherical
inclusions. Image Anal Stereol, 22:153-161, 2003.
(3) A. Jean, D. Jeulin, S. Forest, S. Cantournet, and F. N'Guyen. A multiscale microstructure model of carbon
black distribution in rubber. Journal of microscopy, 241(3):243-260, 2011.
(4) M. Moreaud and D. Jeulin. Multi-scale simulation of random spheres aggregates: Application to
nanocomposites. Proceedings of the ECS 9 Conference, Zakopane, Poland, 341-348, 2005.
(5) D. Jeulin. Morphology and effective properties of multi-scale random sets: A review. Comptes Rendus
Mécanique, 340(4):219-229, 2012.
(6) F. Willot. Fourier-based schemes for computing the mechanical response of composites with accurate
local fields (http://arxiv.org/abs/1412.8398).
Finite Element Based Full Field Micromechanical Modeling of Stress Softening in Filler Reinforced
Elastomers
Deepanshu Sodhani, Stefanie Reese, RWTH Aachen University
Development of (mechanical) constitutive models incorporates the nano- , micro- and meso- scale
phenomena into macro scale models. When dealing with modeling of composites with stiff particulate
inclusions in soft matrix like rubber, knowledge of the processes occurring in the various constituents and
their mutual interphase and interface plays a crucial role. For particle reinforced composites, examples of
such processes are formation of immobilized elastomer over the particles; particle network breakdown;
matrix degradation, i.e. damage of polymer chains and matrix-inclusion debonding. In order to properly
model these phenomenon, the individual mechanisms that give rise to them and their driving forces must be
understood. Stress softening phenomenon such as Mullins’ effect and Payne effect has been attributed to
the matrix degradation and particle network degradation. In this paper a full field micromechanical model,
accounting for the morphological evolution of the microstructure using finite element method has been
applied to study these phenomenon. Several theories and experiments substantiate the deviation of
immobilized rubber properties from the bulk matrix, forming an interphase between the soft rubbery matrix
and stiff filler particles. A multiphase material model based on the Langevin chain has been used to model
the entire matrix. Presence of immobilized rubber has been included based on the theory of change in glass
transition temperature around the filler particle. The degradation in the matrix of the composite and in the
particle network has been modelled using damage of elastomer chains in the bulk matrix and in the glassy
bridges (overlapping immobilized rubber region between different filler particles), respectively. All the
computations have been carried out on a representative volume element (RVE), which has been derived
using statistical analysis of RVEs. The entire model is then compared with experimental results to validate
the micro-mechanical approach.
Multi-Scale Modeling of Proteins and Cells - A Protocol for Complex Systems
Sheldon Wang, Midwestern State University
Sickle cell anemia is one of the first diseases pinpointed to the genetic cause at the DNA level. Hemoglobin
in its quaternary molecular structure is very much like a bead. The red blood cell has many such beads
within the cell cytoskeleton. The cause of the sickle cell disease is a simple switch of the DNA base pair from
A to T, with this switch, the codon will be changed from GAG to GTG. The normal hemoglobin at this
particular location is slightly hydrophilic, thus tends to form a protective layer with the surrounding water
molecules and is separated from each other. As a consequence, the normal red blood cell membrane is
flexible and fluidic. Due to the sickle cell mutation, the hydrophilic spot becomes slightly hydrophobic and
during the deoxygenated state, it tends to lose the protective layer of water molecules and consequently
forms a chain of hemoglobin beads. Moreover, such chains will continue to form bundles and eventually yield
a very stiff and sticky material property for the sickle cell membrane. In the end, these sickle cells tend to
block the capillary vessels and cause the sickle cell anemia. In this research, we will use this wellestablished system as an example to explore a multi-scale and multi-physics modeling procedure for
biological systems. We start with a series of molecular dynamics simulations of hemoglobin-hemoglobin
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interactions couple5 with surrounding water molecules. Different level of coarse graining models will be
employed to establish the likelihood of forming hemoglobin chains under difference circumstances. Simplified
models of hemoglobin immersed in aqueous environment will be introduced in immersed
boundary/continuum methods for the direct simulation of phase transitions of normal and sickle red blood cell
membranes. Ultimately, cells modeled as soft continua will be coupled with viscous fluid in microcirculations.
We hope that mathematical tools such as singular value decomposition, principal component analysis,
coupled solution algorithm based on matrix-free Newton-Krylov iterative procedures introduced for such a
complex fluid-solid system will help to establish a computational protocol for complex dynamical systems.
References
[1] T. Wu, S. Wang, B. Cohen, and H. Ge, “Molecular Modeling of Normal and Sickle Hemoglobins,”
International Journal for Multiscale Computational Engineering, 8, pp 237-244, 2010.
[2] T. Wu, S. Wang, and B. Cohen “Modeling of Proteins and Their Interactions with Solvent,” in Advances in
Cell Mechanics. Chapter 3, pp. 55-116, Springer, ISBN 978-3-642-17589-3, 2011.
[3] S. Wang, “Immersed Methods for Compressible Fluid-Solid Interactions” in Multiscale Simulation and
Mechanics of Biological Materials. Chapter 12, Wiley, 2012.
Dai 250 – Experimental Identification and Material Characterization
Thermo-Mechanical Characterization of Silicone Foams
Partha Rangaswamy, Carl Cady, Matthew Lewis, Los Alamos National Lab
Cellular solids such as elastomeric foams are used in many structural applications to absorb and dissipate
energy, due to their light weight (low density) and high energy absorption capability. In this paper we will
discuss S5370 silicone as the foam of interest. In the application presented, the foam is consolidated into a
cushion component of constant thickness but variable density. The experimental methods necessary for the
development of a material model will be discussed in detail. This mechanical material model [1] predicts
cushion response, in part, as a function of relative density. To determine the required parameters for this
model we have obtained the mechanical response in compression for ambient, cold and hot temperatures.
The mechanical response data showed extreme sensitivity to relative density. We also observed at strains
corresponding to 1 MPa a linear relationship between strain and initial density for all temperatures. Samples
taken from parts with a history of thermal cycling demonstrated a stiffening response that was a function of
temperature, with the trend of more stiffness as temperature increased above ambient. Conversely, stiffness
reduced as temperature decreased below ambient. This observation is in agreement with the entropic effects
on the thermo-mechanical behavior of silicone polymers. However, we saw less of these effects for samples
taken from cushion parts with no prior thermal cycling history. In this paper we will present the experimental
details, the testing protocol, analysis of test data, and a discussion of stress and strain as a function of
sample initial density, temperatures, and prior loading history. We will also discuss the extraction of thermal
strains from which is obtained an estimate of coefficient of thermal expansion as well as the effects of cyclic
loading on compression set.
Confined Small Angle X-Ray Scattering and Dynamic Mechanical Analysis Investigation of the
Confined Amorphous Layer Properties in Semi-Crystalline Polymers
Pierre Gelineau, Fahmi Bedoui, Thanh-Loan Nguyen,
Sorbonne universités, Université de technologie de Compiègne, Roberval
The effect of geometrical confinement on polymer chains mobility, as for the case of the amorphous layer in
the semi-crystalline or nano-reinforced polymers was investigated mechanically and physically.
Mechanically, the effect of the confinement was investigated using dynamic mechanical analysis by
quantifying the effect of geometrical confinement on the material glass transition. Physically, the effect of
confinement was quantified through the changes that affect the invariant Q of the Small Angle X-Ray
Scattering (SAXS) intensity as the sample temperature increases. Indeed the invariant Q, at a given
temperature, is directly related to the electron density contrast between the two phases (amorphous and
crystalline lamellae or nano particles in the cases of semi-crystalline or nano-reinforced polymer
respectively). As the sample temperature increases the changes of the invariant Q reflects the sensitivity of
the density contrast between the two phases to the temperature changes. Hence Q could be considered as
an in-situ indicator of the local amorphous layer mobility. Different materials were studied in this paper:
polymers (polylactic acid (PLA) and polyethylene terephthalate (PET)) in amorphous and semi-crystalline
state and nano-platelets reinforced PLA. By increasing the crystalline fraction or the nano-platelets volume
fraction, we reduce the thickness of the amorphous layer, which in turn would affect its mobility. Combination
of dynamic mechanical analysis (DMA) and small angle X-Ray techniques (SAXS) were used. DMA

	
  

9	
  

4th	
  International	
  Conference	
  on	
  Material	
  Modeling;	
  May	
  27-‐29,	
  2015;	
  Berkeley,	
  California,	
  USA	
  
	
  

temperature sweep (at 1 Hz frequency) experiments help monitoring the glass transition change as function
of crystalline fraction. In the acse of PET the glass transition increases however, for PLA, we notice glass
transition depression for low and medium crystalline fraction (Xc < 30%), and increase for for high crystalline
fraction (Xc ≥ 30%) were noticed. SAXS temperature resolved experiments were conducted on the same
samples between room temperature and 120 and 90°C for PET and PLA respectively. For the case of nanoclay reinforced polymers and in the case of intercalated microstructure, we noticed increase of glass
transition of polymeric layer between the platelets. Intensity invariant was determined for each sample as
function of temperature. The intensity invariants show two different slopes. The intersection of the two slopes
considered taking place at the glass transition temperature of the polymer. SAXS data confirms the DMA
tests for both PET and PLA. This approach help measuring in-situ glass transition temperature of nanometric
domains leading to more accurate characterisation of local properties of confined domains.
Inverse Parameter Identification Using Bayesian Statistics and Response Surfaces
1
1
2
3
3
Cesar C. Pacheco , Helicio R.B. Orlande , Matej Vesenjak , Rajesh Jha , Sohail Reddy , George S.
3
Dulikravich
1
2
3
Federal University of Rio de Janeiro, University of Maribor, Florida International University
This paper presents a methodology based on an inverse analysis in order to estimate important properties of
a recently developed material comprised of thin-walled aluminum tubes filled with aluminum foam which
represents a robust and viable new light material option for automotive industry.
One important step to introduce novel materials to industry is to provide physical properties such as
Young’s modulus, Poisson’s ratio and yield strength. In order to perform this task, experimental
measurements of force and displacement obtained with a three-point bending test were performed. These
measurements play a fundamental role in the process, since one of the main difficulties of the proposed work
is that the desired quantities are not directly measurable. However, well-known physical laws show that they
are profoundly connected with other quantities that can be experimentally measured. Vast majority of
computer models designed to predict the mechanical performance of a body deals with solving differential
equations using the material properties as inputs. Quantities such as displacements and forces – that are
directly measurable – are obtained as outputs. This process is often regarded as the “forward problem” or
“analysis problem”. Approaching this framework in the opposite direction, using displacements and forces as
inputs in order to obtain parameters characterizing material properties represents an inverse problem of
simultaneous identification of multiple parameters.
In comparison with the forward model, the inverse problem poses a series of difficulties, such as the severe
instability of its solution regarding the input data, which is typically noise-corrupted experimental data.
Besides, there are no guarantees regarding the existence and uniqueness of the desired solution. In recent
decades, the interest in inverse analysis has grown significantly due to the development of robust algorithms
capable of dealing with these types of problems. Lately, a particular set of techniques, based on the Bayes’
theorem, attracted the interest of researchers in several different areas, due to its ability to not only provide
point estimates, but also important statistical information about the estimates. This paper presents a
complete description of one such inverse parameter identification algorithm that was successfully applied to
simultaneously determining multiple parameters in a particular nonlinear model of the stress-deformation for
metallic foam filled thin wall tubes subjected to bending. When these inversely determined multiple
parameters were used in a highly nonlinear model, the computational results for stress/deformation matched
experimental data accurately.
Non-Destructive Bulk HCP Texture from Ultrasound: A Solution to the Inverse Problem
Bo Lan, Michael JS Lowe, Fionn P.E. Dunne, Imperial College London
A solution to the long-standing inverse problem of determining bulk texture in polycrystalline HCP aggregates
from ultrasonic wave speed measurements is given by a novel convolution theorem, which enables
determination of any one of the following three functions with knowledge of the other two: the HCP single
crystal wave speed, polycrystal c-axes distributions and the resultant polycrystal wave speed. Hence, the
forward problem of predicting polycrystal wave speed from orientation distributions is solved and the
verifications on varying textures show near-perfect representation of the sensitivity of wave speed to texture
as well as quantitative predictions of polycrystal wave speed. More importantly, application of the theorem to
the inverse problem shows a range of representative polycrystal textures well recovered solely from their
ultrasonic wave speed responses when the single crystal wave speed is known, which demonstrates the
application potential of the technique on non-destructive bulk texture measurements of HCP materials in
industries.
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Matrix Fibers Interfaces Role in Relaxation Phenomena in an Al-Cu Alloy Strengthened with SiC
Fibers
Saida Belhas, Abdelouahed Bendaas, Cherif Belamri, Batna University
Interfaces created by strengthening an Al-4% wt Cu alloy with SiC fibers change significantly the behavior
damping usually observed on this structural hardening alloy.
Using the Isothermal Mechanical Spectroscopy technique (IMS); the present study aims to identify the
involved mechanism in this behavior change.
Experiments were performed between room and solidus temperatures on two samples; an Al-4% wt Cu
matrix alloy and the same alloy reinforced with 20% SiC Whiskers. During heating, for each measurement
temperature, experiment started after a hold time long enough for a complete stabilization of the
microstructure. Indeed the samples reached stability such that their hardness does not evolve and therefore
the transient effects due for instance to θ' and θ'' precipitation were not observed.
The structural modification of the matrix alloy is the basis of the damping observed its origin is provided by
a non-thermally activated mechanism in the IMS spectra. The internal friction peak maximum is about 0.2
Hz. This peak disappears completely after annealing at solid solution temperature and successive slow
cooling; it gives way to a low frequency background. This peak has therefore been linked to the θ
precipitates which gradually form on the grain boundaries of the α phase. This phenomenon is not visible
when this alloy is strengthened by whiskers. Indeed, the matrix-reinforcement interface completely alters the
isothermal internal friction spectrum. It exhibits a relaxation peak which the maximum moves in frequency
when tests are carried out at higher temperature; this behavior is characteristic of thermally activated
phenomena. According to the model of Caillard, its origin is due to dislocation motion segments within the
dislocation network surrounding the Whiskers.
Session 2: 1:30 – 3:00
Blum Hall 100 – Mico- and Nano-Scale Modeling of hcp Alloys
On the Use of Ti-Based Alloys in Aeroengine Applications
Esteban Busso, ONERA - National Aerospace Research Centre
The main structural materials in gas turbine engines for civilian and military applications are continuously
evolving to address the increasing service requirements in terms of high temperature capabilities and
specific strength. In particular, a great deal of effort is devoted to improving the properties of high
temperature Ni-base superalloys and Ti-based alloys, which are the materials of choice for turbine blades
and compressor discs and blades, respectively, due to their excellent high temperature properties. Ti alloys
derive their properties generally from two phases based on hexagonal closed-packed (alpha) and body
centred cubic (beta) lattice structures. Single phase HCP alpha alloys are of interest due to their good
corrosion resistance and ductility, and two phase alpha + beta alloys due to their high strength, suitable
toughness and fatigue resistance. This work discusses the recent progress and current trends in the
development of Ti alloys with properties which can satisfy diverse requirements of high temperature strength,
toughness and environmental resistance. A comparison is made with Ni-base superalloys, in particular with
regards to the properties which make Ti-based alloys as potential substitutes of the former.
An outline of the different approaches that are being used to deal with the continuum mechanics modelling
of Ti alloys is then presented. Special emphasis is placed on highlighting the crucial role that physics based
crystal plasticity approaches play in developing an understanding of the local stress and strain fields known
to be the precursors to creep and fatigue damage initiation and growth at the scale of the grains. This
includes the effect that local texture can have on the plastic deformation of the two phase material, such as
the morphology and relative size of the alpha and beta phases, and their crystallographic orientation with
respect to the loading direction. Finally, some of the main outstanding research issues and future trends will
be discussed.
Progress Towards the Study of Grain-Level Adiabatic Shear Localisation in Titanium Alloys at High
Strain-Rates
Thomas White, Jack Patten, Daniel Eakins, Imperial College London
We report on experiments performed to gain a mechanistic understanding of the processes involved in
adiabatic shear band formation and localisation in Ti-6242 alloy. Our efforts concentrate on in-situ techniques
that overcome the limitations of traditional far-field diagnostics (i.e. strain gauges) and specimen recovery,
predominantly though full-field deformation measurements obtained with high resolution digital image
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correlation.
Adiabatic shear bands occur when materials deform at high strain rates and have been observed in
hypervelocity impact, explosive fragmentation and high-speed machining and fabrication. They are
characterised by a narrow layer of intense shearing whereby the high strain rate leads to a localization of
plastic strain and elevated temperature inside the shear band. Typically, adiabatic shear bands act as a
precursor to fracture and can ultimately lead to material failure.
Millimetre sized samples of heat-treated Ti-6242 were subjected to dynamic loading in a custom built
compression split-Hopkinson pressure bar. The heat treated sample consisted of primary alpha colonies,
which can extend up to a millimetre in diameter and were characterised through EBSD to obtain the
crystallographic orientation of the grains. Top-hat shaped samples were used to guarantee a region of high
shear within a single grain allowing direct investigation into the influence of crystallographic orientation on
shear band formation and localisation.
The interplay between thermal softening together with strain and strain rate hardening leads to an evolving
complex stress distribution that cannot be readily understood through sample recovery alone. Hence, full
field deformation measurements are an important component in the analysis of material behaviour. Unlike
traditional methods which often utilise strain gauges, and hence only provide information averaged over a
large area, optical techniques are a non-contact method able to measure the full surface strain field. This
becomes particularly important when investigating high rate, non-homogeneous systems or systems in
hostile environments requiring a non-contact method. We demonstrate the capability of a high resolution
three-dimensional digital image correlation system capable of achieving three-dimensional sub-micron
displacement accuracy.
Formation of Adiabatic Shear Bands in Textured HCP Metals
Zhen Zhang, Fionn Dunne, Imperial College London
Dynamic formation of adiabatic shear bands is understood as a result of thermo-mechanical instability of
materials. This transient phenomenon involves mechanical mechanisms such as dynamic wave propagation,
strain hardening, strain rate hardening, and thermal softening. Due to the short loading duration, the
dissipation of the mechanical energy into heat produces significant temperature heterogeneities. This
behaviour is investigated in this study in which polycrystal texture, internal heat generation and applied strain
rate
are
examined
in
the
context
of
adiabatic
shear
band
formation.
To facilitate this investigation, polycrystal plasticity models are developed to incorporate hardening due to
statistically stored dislocation and geometrically necessary dislocation development, (quasi-static) rate
sensitivity, internal heat generation at the crystal level through plastic dissipation, transient heat transfer by
conduction, and dynamic (inertia or stress wave) effects. The proposed crystal models allow for the
prediction of the onset of adiabatic shearing. They reflect in general the differing experimental observations
of slip banding developed. Both uniaxial compression and simple shear polycrystal studies are carried out
and comparisons are made with independent experimental data in terms of failure modes.
Under high rate uniaxial compression and simple shear (top hat) loading, the onset and development of
adiabatic shear band formation are investigated for differing texture. Texture studies show strong influence
on nucleation site of localisation, and demonstrate the microtexture-dependence of shear band formation.
The computational predictions reflect the direction of shear band development demonstrated from
experimental observations.
The Shock Response of HCP Metals
William Proud, Institute of Shock Physics, Imperial College London
Metals have been extensively studied under shock loading for over 50 years, explosive and plate impact
techniques being used to produce transient high-pressure states. In the shock state, due to inertial
confinement, the samples are in 1-D strain. Properties such as the Hugoniot Elastic Limit (HEL), the elastic
limit associated with strain rate of 105 – 106 s-1, are widely reported. Similar data has been produced on the
Spall (dynamic tensile) strength of materials. Recent research on single crystal magnesium will be reported,
the effect of sample thickness, sample temperature and recovery will be presented and the role of
mechanism of phonon interaction and energy dispersal discussed. The talk will compare these new results
with those seen in polycrystalline samples and with other common metal systems (BCC and FCC) and
provide
an
overview
of
the
diagnostic
systems
used.
Acknowledgements: The Institute of Shock Physics, acknowledges the support of the Atomic Weapons
Establishment, Aldermaston, UK and Imperial College London. EPSRC is acknowledged for its support of
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the programme grant HEXMAT based in Imperial College London, University of Oxford and University of
Manchester.
Hearst 290 – Nonlinear Elasticity and Viscoelasticity
Logarithmic Strain and its Material Derivative for a QR Decomposition of the Deformation Gradient
Alan Freed, Arun Srinivasa, Texas A&M University
The well-known polar decomposition of the deformation gradient decomposes it into an orthogonal rotation
and a symmetric stretch. We consider a Gram-Schmidt factorization of the deformation gradient, which
decomposes it into a different orthogonal rotation with a right-triangular field that we call distortion. Properties
of this distortion tensor are discussed, and a work-conjugate stress tensor is derived for this Lagrangian
frame. The logarithm of distortion and its material derivative are then introduced, and their components are
quantified, resulting in a new logarithmic measure for strain and its rate, distinct from Hencky strain (the
logarithm of stretch) and its rate. An eigenprojection analysis and a first-order, differential, matrix equation
solved using the technique of back substitution both produce the same matrix components describing the
logarithm of distortion. Three homogeneous deformations illustrate similarities and differences between the
logarithms of distortion and stretch. They are distinct measures of strain. The new logarithmic strain measure
shows monotonic behavior under simple shear as opposed to the non-monotonic behavior of Hencky strain.
Continuum Constitutive Modeling for Isotropic Hyperelastic Materials
Fuzhang Zhao, APD Optima
Many materials with wide-ranging applications, including silicone rubbers, polymers, and biological tissues,
can be characterized as being homogeneous, isotropic, finite, and nonlinear elastic continuum solids.
Constitutive models play an important role in designs and analyses of hyperelastic material components. The
established models may be classified into two main categories: micro-mechanical and phenomenological. A
theoretical model in continuum mechanics, however, is still needed to accurately extract experimental
results.
A general function of stored energy in the form of a partial differential equation has been derived based on
a balance principle between stored energy and stretch-based stress work done using a continuum
mechanics approach. The partial differential equation in terms of three invariants of right Cauchy-Green
tensor has then been solved by Lie group methods. Another stored energy function based on the GreenLagrange strain tensor-based stress work done has also been solved by Lie group methods. The general
form of solutions is the same for the two formulations: one as a function of the invariants of right CauchyGreen tensor and the other as a function of the invariants of Green-Lagrange strain tensor. Compared to
strains, not only do stretches capture the characteristics of a deformation but they also avoid singularities
and imaginary numbers. Thus, the stretch-based solution is more appropriate in establishing a constitutive
model for isotropic hyperelastic materials.
With the geometric meaning of a deformation, the stretch-based general solution boils down to a particular
three-term solution for isotropic hyperelastic materials, Psi = c1*I1 + c2*(I2)^0.5 + c3*(I1)^4/I3. The first term
monitors constant slopes of principal translational deformations, the second term captures curvatures of
rotational deformations, and the third term describes curvatures of ellipsoidal deformations. The stress
tensors and tangent tensors have been worked out for both incompressible and compressible materials. For
incompressible materials, three coefficients, c1, c2, and c3, have been determined from Treloar's uniaxial
tension data using a linear least square method and applied to predict the pure shear and equibiaxial tension
modes. For compressible materials, a volumetric test data for a rubber material has also been successfully
curve-fitted in the most general form. The current model accurately represents the two sets of experiments.
On Effective Properties of Solids and Structures at the Nanoscale
Holm Altenbach, Victor Eremeyev, Otto-von-Guericke-Universität Magdeburg
Recent interest to the theory of surface elasticity and the surface viscoelasticity relates with appearance of
new nanostructured materials which demonstrate very promising properties different from whose of bulk
materials. One of possible explanation of this behaviour is consideration of surface-related phenomena and
their influence on the effective properties at the macroscale. Surface properties may dramatically change
effective (apparent) properties of nano- and microstructure materials [1-3].
The aim of the lecture is to discuss the effective properties materials at the macroscale taking into account
residual surface/interfacial stresses. Here we consider the Gurtin-Murdoch model of surface elasticity and its
generalization for the case of surface viscoelasticity. We derived the linearized boundary-value problems.
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With the help of the simple problem of uniaxial tension of a rod with residual surface stresses we analyze the
behaviour of the rod under tension and present the effective stiffness. We show that the presence of surface
stresses leads to increase of stiffness of nanosized specimen in comparison with bulk material while
influence of residual stresses may decrease or increase the effective stiffness of material. Finally we
consider the effective properties of plates and shells considering surface elasticity. We demonstrate that in
stress resultants tensor can be represented as a sum of two terms. The first term depends on bulk behaviour
while the second one is entirely determined by surface properties.
In addition we discuss the influence of surface viscoelasticity effects on the effective properties of materials
such as effective bending stiffness of plates or shells. Viscoelastic properties in the vicinity of the surface can
differ from the properties of the bulk material. This difference influences the behavior of nanostructural
elements. In particular, the surface viscoelastic stresses are responsible for the size-depended dissipation of
nanosized structures. Using the extension of the Gurtin–Murdoch model and the correspondence principle of
linear viscoelasticity we derive the expressions of the stress and couple stress resultant tensors for shear
deformable plates and shells.
[1] H.L. Duan, J. Wang, B.L. Karihaloo, Adv. Appl. Mech., 42 (2008), pp. 1-68.
[2] H. Altenbach, V.A. Eremeyev, Int. J. Engng. Sci. 49 (2011) 1294.
[3] H. Altenbach, V.A. Eremeyev, N. F. Morozov, Int. J. Engng. Sci. 59 (2012) 83.
Conditions to Establish Hyper-elasticity from Hypo-elastic Models. Application to the Identification of
Models of Complex Fluids
Emmanuelle Rouhaud1, Benoit Panicaud1, Cyprien Gay2
1
UTT, 2Université Paris Diderot
Many widely used rheological constitutive equations of complex fluids include elastic-like components written
in differential form. In general, a hypo-elastic model is used where an objective transport of the Cauchy
stress tensor σ is expressed as a linear isotropic function of the rate of deformation following the proposition
of Truesdell and Noll. But, given a hypo-elastic model, it could be useful to determine whether it corresponds
to a hyper-elastic model and, if this is verified, to establish the corresponding elastic model. When a hypoelastic model has been fitted on the measurements carried out on a given material, it does not necessarily
correspond to an elastic behavior. These functions can be parameterized with two parameters of order zero
in σ, four additional parameters of order one in σ, and more of higher orders if needed. In parallel, it is
possible to derive a hypo-elastic model from any given invertible hyper-elastic model. This is possible by
applying a given objective transport to the hyper-elastic model. It is shown that the choice of the objective
transport is indifferent. Then, identifying the hyper and hypo elastic models, it is possible to establish a
system of equations. It can be shown that this system has a unique solution providing the relation between
the material parameters of the hypoelastic and hyperelastic models.
Hyperdissipativity vs. Hyperelasticity
J.D Goddard, University of California, San Diego
In a much neglected body of work, D.G.B. Edelen [1, 2, 3], shows that any strictly dissipative system with
finite degrees of freedom is endowed with a dissipation potential. Such a system is defined by generalized
“fluxes” J = [Jα], α = 1, 2, . . . , n, functions J(X) and X(J), whose power represents a non-negative definite
dissipation rate:
D = D(X) = X•J = J•X = JαXα = D∗(J) ≥ 0,
where equality occurs only for J = X = 0 and D, D∗ are assumed to be convex. From the latter, Edelen
constructs dual dissipation potentials ϕ, ψ and “powerless” or “gyroscopic” terms U, V, such that
J = ∂Xϕ(X) + U(X), with X•U = 0, and X = ∂Jψ(J) + V(J), with J•V = 0
When the gyroscopic terms are absent, we can call the system strongly dissipative or hyperdissipative [4], by
analogy to the term hyperelastic in solid mechanics, where analogous dual potentials are represented by
strain energy and complementary strain energy.
This paper explores certain interesting ramification of the above analogy, including variational principles for
quasi-static viscoplastic flows [4] and a non-linear extension of Clapeyron’s Theorem [5] for linear elasticity.
[1] D. G. B. Edelen. A nonlinear onsager theory of irreversibility. Int. J. Eng. Sci., 10(6):481–90, 1972.
[2] D. G. B. Edelen. On the existence of symmetry relations and dissipation potentials. Arch. Rational Mech.
Anal., 51:218–27, 1973.
[3] J. D. Goddard. Edelen’s dissipation potentials and the visco-plasticity of particulate media. Acta Mech.,
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225(8):2239–59, 2014.
[4] K. Kamrin and J. Goddard. Symmetry relations in viscoplastic drag laws. Proc. Roy. Soc. A, 470:
20140434, 2014.
[5] R. Fosdick and L. Truskinovsky. About Clapeyron’s Theorem in Linear Elasticity. J. Elasticity, 72: 145172, 2003.
Fractional Calculus for Plasticity - Non-Associativity and Induced Plastic Anisotropy
1
2
Wojciech Sumelka , Marcin Nowak
1
Poznan University of Technology, Poland, 2Institute of Fundamental Technological Research, Poland
The discussion concerns the implementation of fractional plastic flow rule in the framework of implicit and
explicit procedures. The fractional plastic flow rule is obtained from a generalisation of the classical plastic
flow rule utilising fractional calculus. The key feature of this new concept is, that in general the nonassociative flow is obtained without necessity of additional potential assumption. If needed, the model can
cover the anisotropy induced by plastic deformation. Illustrative examples, for classical Huber-Mises-Hencky
and Drucker-Prager plasticity formulations, showing the unusual flexibility of this model will be presented.
[1] Sumelka W., A note on non-associated Drucker-Prager plastic flow in terms of fractional calculus, Journal
of Theoretical and Applied Mechanics, 52, 2, pp. 571-574, 2014
[2] Sumelka W., Fractional viscoplasticity, Mechanics Research Communications, 56, pp. 31-36, 2014
Directional Distortional Hardening at Large Plastic Deformations
Heidi Feigenbaum1, Yannis Dafalias2
1
Northern Arizona University, 2University of California at Davis
This work extents the directional distortional hardening model of Feigenbaum and Dafalias (2007) into the
range of large plastic deformations. This model allows the yield surface to kinematically harden and in
addition to deform such that a region of high curvature develops approximately in the direction of loading and
a region of flattening develops on the opposite side. Such distortion of the yield surface has been observed
in numerous experiments on various metals, including, but not limited to aluminum alloys, brass, copper,
stainless steel, and low carbon steels. The distortion is achieved via a fourth order tensor-valued internal
variable whose evolution equation, as well as the corresponding equation for the back-stress tensor, are
obtained from thermodynamic conditions in order to guarantee positive dissipation throughout the
deformation process.
To extend this model into large plastic deformations it is necessary to ensure objectivity, hence, all
hardening rules that are derived from thermodynamic conditions must be expresses in terms of appropriate
corotational rates. The use of such corotational rates in conjunction with the rates of the Helmholtz free
energy expression and the rate of the yield surface expression in order to satisfy consistency, present some
challenging analytical questions that are resolved on the basis of the isotropic structure of these expressions
resulting from objectivity. Since this model includes a fourth order tensor-valued hardening internal variable,
the corotational rates for fourth order tensors are examined in this work employing the concept of plastic
spin, and constitute a novel feature in finite deformation plasticity. Several choices for plastic spins are
presented and used for the simulation of the response under simple shear loading up to 1000% strain.
Results indicate that the stress-strain curve may have oscillations, similar to what is seen with Armstrong
Frederick kinematic hardening (and no distortion) in large plastic deformations, or undulations.
Modelling of Aluminum Alloy AL6061 Using an Elastoplastic Model with Distortion Hardening
Li-Wei Liu, Hong-Ki Hong, National Taiwan University
The behavior of aluminum alloy AL6061 under axial-torsional-hoop experiments is modelled by using an
elastoplastic model with distortion hardening. The model is developed with a cubic polynomial which
specifies a closed surface in the axial-torsional-hoop stress space. The model has an associated plastic flow
rule combined coherently with distortion hardening, Armstrong-Frederick’s kinematic hardening, and isotropic
hardening. Material parameters of the model were estimated according to the experimental data of the paths
of non-cyclic and cyclic pre-loading. Simulation based on the model with the estimated parameters was then
compared with the experimental observation in both the stress-strain responses and the evolving shapes of
the yield surface.
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Identification of Parameters of a Directional Distortional Hardening Model
1
1
1
1
2
Slavomír Parma , Zbyněk Hrubý , René Marek , Jiří Plešek , Heidi P. Feigenbaum ,
3
Yannis Dafalias
1
2
3
Academy of Sciences of the Czech Republic , Northern Arizona University, University of California, Davis
Distortion of the yield surface during plastic deformation of metals has been observed by many authors.
Generally, the yield surface is distorted in such a way that it shows a higher curvature in the direction of
loading and a considerable flattenning in the oposite direction. This behavior, known as the directional
distortional hardening (DDH), has been modelled by several authors. Recently, a new DDH model combining
several conservative approaches has been developed. In this model, the distortion of the yield surface is
modelled by a single material parameter, generalizing the original von Mises's yield condition by a simple
oriented transformation. Further, the model adopts the classical concept of isotropic and kinematic
hardening. The evolution equations for these two internal variables are derived so that the dissipation
inequality is fulfilled, i.e., the model remains thermodynamically consistent. Another benefit arises from the
analysis of convexity of the yield surface as the conditions for maintaining the convexity has been derived. In
contrast to thermodynamic conditions that have a physical nature, conditions for preserving convexity are
necessary for the convergence of return mapping algorithms. In this work, some other benefits of the model
are presented. It is shown, that this model can be analytically integrated in case of proportional loading and
general analytical relations for uniaxial stress response of the model are derived. These relations can be
used for the verification of numerical implementation or for its analysis. Further, using analytical relation for
stress-strain curve, an identification algorithm for the model's parameters is developed. Finally, relations for
monotonic curves can be used for the construction of more complex curves as the hysteresis loop or the
cyclic stress-strain curve. At the end, an effective identification algorithm based on analytical expression for
cyclic stress-strain curve is outlined.
Influence of the Yield Offset Definition on Calibration and Numerical Implementation of Directional
Distortional Hardening Model
Zbyněk Hrubý1, Jiří Plešek1, Slavomír Parma1, René Marek1, Ivo Stepanek1, Zdenek Prevorovsky1, Ladislav
Korec2, Heidi P. Feigenbaum3, Yannis Dafalias4,5
1
Institute of Thermomechanics AS CR, v. v. i., Czech Republic, 2Techlab, Ltd., Sokolovska 198/207, Czech
Republic, 3Northern Arizona University, 4University of California at Davis, 5National Technical University of
Athens, Greece
Directional distortional hardening represents a very promising way to capture real behavior of metals in
variety of engineering and scientific applications such as metal sheet forming etc. The plastic strain induced
anisotropy is a well-known phenomenon in manufacturing. Moreover, in a greater context, every metal
material may be treated as having initial anisotropy induced by original forming. Many papers were published
in last decades typically defining yield point at the basis of plastic strain offset.
The presented paper focuses on the yield point definition and its effect on the deformed shape of yield
surfaces during different stages of combined tensile and torsional load. Innovative applications of
experimental techniques such as the acoustic emission and the electric potentials are used for an acquisition
of yield inception and plastic straining. It is proved that the yield point definition plays an important role in
calibration of material parameters, therefore, the overall response of a particular distortional hardening model
(typically combination of particular isotropic, kinematic, and directional distortional hardening) is affected by
the yield point definition and this influence is not marginal.
The cross-over of the yield point definition aspect in the context of calibration procedures and numerical
implementations is commented as well. The ABAQUS FE-code with its UMAT routine is chosen for the finite
element implementation.
Sibley Auditorium – Multiscale Modeling
A Concurrent Atomistic-Continuum Study of Dislocation Pile-Ups at Grain Boundaries
Shuozhi Xu1, David McDowell1, Youping Chen2
1
Georgia Institute of Technology, 2University of Florida
Nanocrystalline materials are considered as candidate structural materials with increased strength/hardness
and improved fatigue/wear resistance. It is well known that grain boundaries (GBs) play an important role in
determining bulk mechanical properties of nanocrystals by serving as effective barriers to dislocation
migration, while suppressing interior dislocation sources. In particular, slip transfer reactions with GBs are
complex; dislocations can be reflected, absorbed or desorbed at the interface, and/or transmitted directly, in
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addition to the possibility of shear-induced GB migration/dissociation/sliding. However, modeling of interface
impingement of dislocation pile-ups at GBs has been well beyond the reach of most modeling techniques
that seek to resolve atomic level structure during interface reactions due to the accompanying long range
stress fields of the pileup, combined with other 3D features of interface structure and mixed dislocation
character. Fully resolved atomistic simulations with moderate computational power can only handle a single
dislocation/GB interaction, while multiple dislocation impingement against GBs is commonly observed in
experiments. In most of the partitioned-domain multiscale methods, lattice defects in the continuum are
either implemented via constitutive relations, lattice elasticity with dislocation field interactions, or are not
permitted at all. In such approaches, the transit of dislocations across the atomistic/continuum interface
appeals to approximate heuristics intended to minimize the effects of the interface due to the change from
atomistic to continuum degrees of freedom. The concurrent atomistic-continuum (CAC) method, originally
developed for addressing dislocation behavior, permits dislocations to propagate in a continuum domain that
employs a piecewise continuous finite element description that admits interelement displacement
discontinuities. CAC has subsequently been used to investigate complex dislocation behavior in facecentered cubic (FCC) metals. In this work, a quasistatic implementation of CAC simulation based on
conjugate gradient system energy minimization at 0K is used to study sequential impingement of edge or
screw dislocations impingement from a given pile-up on a coherent twin boundary, a Σ9 symmetric tilt GB,
and a Σ11 symmetric tilt GB in Cu and Al. Results elucidate the role of specific GB structures and dislocation
character in interface absorption-desorption reactions, including evolution of the structure of the interface in
the process.
Accuracy Verification and Model Size Effects on Crack-Tip Behavior with Atomistic-Based Multi-scale
Simulations
Jinghong Fan1, Ross Stewart1, Taolong Xu2
1
Alfred University, 2Southwest Petroleum University, P.R. China
Solutions of two basic issues for extending applications of concurrent multiscale simulations are evoked in
this work. They are how to quantify the accuracy of atomistic-based multiscale modeling and how to enlarge
the model sizes to a necessary minimum to guarantee accuracy. These solutions are discussed within the
framework of GP and GP-FEA methods where GP is short for the Generalized Particle Dynamics Method
(Fan, 2009). The GP-FEA, proposed recently by the authors, is a new method which can make the model
size as large as needed. In addition, it links the continuum via FEA nodes with high-order particles but not
directly with atoms, as is the case with methods such as the quasicontinuum (QC) method, to avoid artificial
effects such as ghost forces. Apart from the conventional verification method using the full atomic solution
(e.g. MD), a classical two-dimensional elastic solution of a specimen with a central hole under tensile load is
extended to make a comparison with displacement data obtained by a GP model and a GP-FEA model. The
latter size is about one-order larger than the former one. Results show negligible differences for the results
between the two simulations indicating the transition between FEA nodes and high-order particles is smooth.
Further, the agreement between these simulations with the classical analytic solution demonstrate confident
examples to use these multiscale methods to investigate model size effects on the behavior of a mode-I iron
crack-tip propagating along the [1 1 0] direction. Six models with sizes gradually increasing from the smallest
one of 120x120x4.6 nm3 to the largest of 5000x5000x4.6 nm3 are developed and simulated by remote
boundary displacement control under plane strain conditions. Among several interesting results to be
presented the existence of a critical model size, LCR, was found. It is shown that if the model size is less
than LCR, as is the case in many multiscale simulations, the results obtained from atomistic-based
multiscale simulations will have unrealistic crack-tip behavior, including a large percent of inaccuracy from
the LEFM result. This finding may open a new avenue to develop a guideline for the least-required model
size and signifies the necessity for the development of new types of multiscale methods which can produce
large-size models, limited by the LCR, to improve the accuracy in bridging atomistic and continuum scales.
A Multiscale Molecular Dynamics for Representing Continuum Mechanical Loads
Qi Tong, Shaofan Li, University of California, Berkeley
We proposed a novel multiscale Molecular Dynamics model in order to find connections between
microscale and macroscale systems. Unlike Statistical Mechanics where the macroscale quantities such as
temperature and pressure are collected from molecular information, the proposed approach is a reversed
procedure to find optimal molecular states when macroscale conditions are enforced, e.g. the response of
molecules when traction boundary condition is prescribed in a statistical manner but not as forces on specific
boundary particles The model is originated from the insightful idea of Parrinello-Rahman Molecular Dynamics
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but extend the PR-MD to solve finite-size, imhomogenous and dynamical problems without the restriction of
the periodic boundary condition. Numerical examples are presented to demonstrate the framework and
validate the effectiveness of the model.
On the Use of Stochastic Approximation for Coupling the FEM and MD in Quasi-Static Isothermal
Problems
Manfred Hannes Ulz, Patrick Wurm, Graz University of Technology
Multiscale models are designed to handle phenomena with different length and time scales in an efficient
and suitable manner. Such phenomena include inelastic deformation or failure of materials. In particular,
hierarchical multiscale methods are computationally powerful as no direct coupling between the scales is
given.
A hierarchical two-scale model appropriate for isothermal quasi-static problems (aFE-MD-HMM) was
recently proposed: the macroscale is treated by continuum mechanics and the finite element method and the
microscale is modelled by a canonical ensemble of statistical mechanics solved with molecular dynamics
(MD). The model is settled in the framework of the heterogeneous multiscale method (HMM). An iterative
solution algorithm is chosen as the macroscopic solver, which invokes for each iteration an atomistic
computation. The number of microscopic time steps is adapted in the iterations of a macroscopic load step.
To be precise, the number of time steps is increased with each iteration. In the first iterations the MD cell will
reach a state close to thermodynamic equilibrium by using considerably fewer microscopic time steps than
required. The MD cell will be allowed to reach its state of thermodynamic equilibrium only in the last
macroscopic iteration step. As a result, the macroscopic and microscopic solution fields are obtained quicker
as the information transfer between the scales is faster. This adapted number of microsteps results in a
boosted algorithm obtaining the same accuracy of results at significantly reduced computational cost.
This contribution focuses on the connection of the aFE-MD-HMM with stochastic approximation. Stochastic
approximation methods are a family of iterative stochastic optimisation algorithms. Such methods obtain the
roots or extrema of functions for which only noisy observations are available (prototypical are the RobbinsMonro and Kiefer-Wolfowitz algorithms). The literature is replete with investigations and discussions of
algorithms in this field. The aFE-MD-HMM can hardly be mathematically proven to be a member of this
family of algorithms; however, comparisons can be certainly made and motivations found. In particular, the
standard method of "Averaging of the Iterates" in stochastic approximation is investigated and applied on the
aFE-MD-HMM. In such a scheme, an average over the last iterates is computed to increase the rate of
convergence - this would correspond to an average of the nodal displacements on the macroscale. The
averaging compensates for the "jumping around" of the results at each iterate. A numerical example
demonstrates the performance of the averaging over the iterates applied in the aFE-MD-HMM.
Fast Multipole Method for Dislocation Dynamics Simulation
Chao Chen1, Clifton Dudley1, Eric Darve1, Tom Arsenlis2, Sylvie Aubry2, Tom Oppelstrup2,
1
Stanford University, 2Lawrence Livermore National Laboratory
We propose a new fast multipole method (FMM) to speed up the computation of dislocation interactions in
anisotropic media. In dislocation dynamics (DD) simulation, a crucial but expensive step is to calculate the
stress field of dislocation ensembles induced by the long-range interactions of dislocations. The computation
of the stress field with anisotropic elasticity is known to be much more costly than with isotropic elasticity.
Another difficulty with anisotropic formulation is that the kernel is much more complicated than its isotropic
counterpart.
Our FMM is “black-box” in that it is applicable to kernels that are known numerically and is not dependent
on the kernels’ analytical expressions. Our method uses the Chebyshev interpolation so that the multipole-tolocal (M2L) operators can be pre-computed quickly. Furthermore, we compress the M2L operators via the
singular value decomposition to obtain a minimal number of coefficients. In our test cases, we consider
several kernels with different anisotropic elasticity constants and we find that a sixth order Chebyshev
interpolation can produce two digits’ accuracy even for very extreme anisotropic cases.
One difficulty of using FMM with DD is that FMM requires large memory due to the tensorial nature of the
interaction kernel. To reduce the memory footprint, we implement a different interpolation scheme with the
Lagrange polynomial. This new interpolation scheme compresses the storage from O(n2) to O(n), where n is
the number of interpolation points, and uses the fast Fourier transform to apply M2L operators, which
reduces the computational cost from O(n2) to O(n log n). We find that our Lagrange interpolation scheme
computes the stress field in DD very quickly.
Finally, we introduce two reference FMM implementations based on the Taylor expansion and the spherical
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harmonics expansion of the kernel. The Chebyshev/Lagrange FMM is a “black-box” method, whereas the
expansion methods are specifically developed for DD. These methods are compared in terms of memory
footprint, accuracy and computational cost.
Dai 250 – Experimental Identification and Material Characterization
Fracture Properties of Bio-inspired Ceramic-polymer-composites – Modelling and Experimental
Investigation
1
2
2
3
Guillermo Díaz , Sebastian Behr , Gerold Schneider , Jorn Mosler
1
Institute of Materials Research, Materials Mechanics, Helmholtz-Zentrum Geesthacht
2
Institute of Advanced Ceramics, Hamburg University of Technology
3
Institute of Mechanics, TU Dortmund
This talk deals with material characterization of bio-inspired ceramic-polymer-composites through a
combination of constitutive modeling and experimental investigations. Focus is on the interaction between
the fracture properties of the composites and the underlying microstructure. While the mechanical response
of the polymer matrix and that of the embedded ceramic particles are relatively well known, the properties of
the interface between these constituents are far from beingunderstood. Furthermore, it cannot be measured
directly in a straightforward manner. Within this talk, the material properties of the interface between the
different constituents are identified. For that purpose, a representative volume element (RVE) of the
composite is discretized by finite elements. In this connection, the bulk’s response of the particles (ceramics)
and that of the matrix (polymer) are modeled by means of standard hyperelasticity and material failure in the
form of cracking and debonding is captured by the strong discontinuity approach. Based on this RVE, the
unknown material parameters characterizing debonding between the particles and the surrounding matrix
are identified. Numerical sensitivity analyses showing the influence of other material parameters on the
composite’s fracture properties complete the talk.
Meso-scale Computational Modeling of High-Strength Concrete
Victor P.W. Shim, N.T Cao, Y.B. Guo, G.F. Gao, National University of Singapore
High-strength concretes (HSCs) are increasingly utilized in both civil (e.g. high-rise buildings, long-span
bridges) and defense (e.g. protective structures against blast/impact) applications. HSCs have a mesostructure similar to that of normal-strength concrete – i.e. comprising two primary constituents – coarse
aggregate and cement paste matrix – plus an interfacial transition zone (ITZ) between them. The ability to
predict the mechanical properties of an HSC based on the properties of its constituents would be immensely
useful in the design/formulation of new HSCs to achieve desired properties and performance; this will reduce
costs related to actual tests. Consequently, a finite element model which considers details of the mesostructure of HSC – i.e. distribution and geometry of the aggregate and ITZ within the cement paste matrix –
is developed, with the purpose of estimating the properties of HSCs from that of their constituents.
A major challenge is the creation of a 3D meso-scale geometrical model for HSCs that incorporates their
components. A Voronoi tessellation approach is employed to generate polyhedron aggregates of random
shapes. With respect to aggregate size, a range is defined by prescribing a minimum and a maximum value,
and the size distribution is determined from Fuller’s grading curve. Subsequently, the aggregates generated
are randomly distributed within the concrete volume (e.g. cube, cylinder, etc.) according to the volume
fraction of aggregate to be modeled; the rest of the concrete volume is designated as cement paste. The
interfacial transition zone is idealized by a layer of cohesive elements surrounding the aggregate. This mesoscale geometrical model is incorporated into the ABAQUS finite element code to model HSCs. To evaluate
the model, experiments are undertaken to characterize the quasi-static and dynamic properties of an HSC,
as well as that of the mortar and coarse aggregate components. For the interfacial transition zone, its
properties are modeled as a degraded form of cement paste via a fractional scaling coefficient. The
mechanical properties of the cement paste, coarse aggregate and interfacial transition zone are fed into the
FEM model to simulate the response of HSC under different loading conditions – e.g. uniaxial compression
and tensile splitting. Predictions are compared with experiments to quantify the degree of correlation.
Material Behavior Description Under Dynamic Loading Based on Taylor's Test
Tomasz Jankowiak1, Alexis Rusinek2, Farid Abed3
1
2
3
Poznan University of Technology, National Engineering School of Metz, University of Sharjah
The paper reports a methodology to define the dynamic behavior of material based on Taylor’s test [1]. This
experiment is used to study the behavior of the materials under extreme conditions together with their failure
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modes. A Taylor’s test enables the definition of the only one point in the stress-strain curve for a given strain
rate. Thus, it is necessary to perform several tests to define the complete material behavior under dynamic
loading. If the initial length of the projectile is constant the test should be performed with different initial
velocities to achieve stress strain points at various strain rates. The final results of every Taylor’s test (stress,
strain and strain rates) are determined from the initial and final geometry of the specimen after impact into a
rigid surface. It is generally observed during the experiments that if the initial impact velocity is increasing,
the strain and strain rate are also increasing. To identify more points in the stress-strain-strain rates space
more lengths of specimens should be used. It is possible to obtain for example other points on stress-strain
curve for the same strain rates and finally to identify the material parameters using direct method. For high
impact velocity the Taylor’s test can also be used to establish the dynamic failure mode of the material
because a high range of the triaxiality appears in the impacted zone.
Taylor’s test can be used in a wide range of applications and mainly for metals. However the important is
the precision of the approximation which depends on the initial and deformed geometries after impact to
define the current stress, strain and strain rates [1,2,3 and 4]. The authors tested and analyzed several
materials but in this paper only brass will be discussed to identify the correct procedure to predict the real
values of stress, strain and strain rate. Brass was chosen because of its strain rate insensitivity behavior that
was observed during the several static and dynamic tests using Split Hopkinson Pressure Bar (SHPB) which
were conducted prior to Taylor tests.
The main conclusion is that the methods proposed by Taylor [1] or Wilkins and Guinen [2] do not predict
accurately the dynamic behavior especially if the material shows strain hardening. The Taylor’s test
methodology presented in [3] and [4] was found to provide more accurate results when compared with SHPB
results. More details about experimental tests and numerical simulations of Taylor’s test will be presented
during the conference.
[1] G.Taylor, The use of flat-ended projectiles for determining dynamic yield stress I. Theoretical
considerations, Proceedings of the Royal Society of London. Series A, Mathematical and Physical Sciences,
194 (1948), pp. 289-299
[2] M.L. Wilkins, M.N. Guinan, Impact of cylinders on a rigid boundary, J. Appl. Phys., 44 (1973), pp. 12001207
[3] S.E. Jones, J.A. Drinkard, W.K. Rule, L.L. Wilson, An elementary theory for the Taylor impact test, Int. J.
Impact Engng, 21 (1998), pp. 1 -13
[4] R. Julien, T. Jankowiak, A. Rusinek, and P. Wood, Taylor’s Test Technique for Dynamic Characterization
of Materials: Application to Brass, Experimental Techniques, (2013), doi:10.1111/ext.12070
Experimental and Numerical Study of Structural Panel Welded by Friction Stir Welding (FSW)
Xavier Truant, ONERA
This study deals with 3mm structural panels welded by Friction Stir Welding (FSW), a welding process
allowing joining without any material fusion. The third generation 2198 aluminium alloy, in the T8
metallurgical state, is considered. The FSW process induces important microstructural and mechanical
changes, inside and in the vicinity of the welded joint, due to both thermal gradients and material stirring. In
order to design future aircraft structures welded by FSW with respect to plasticity or fatigue criteria, it is
essential to know the impact of this welding process on monotonic and cyclic mechanical properties of the
welded components. The final goal of the study is to link the evolution of the microstructural parameters and
the gradient of mechanical properties.
In a first part of the presentation, a quantitative and qualitative analysis of the microstructure evolution,
across the welded joint, will be presented using TEM microscopy and image analysis. In particular, the
evolution of the T1 hardening phase will be considered.
Then, the mechanical behaviour of the welded joints will be assessed using both monotonic and cyclic
loadings. 3mm thick samples with welds perpendicular to the solicitation axis will be tested. Despite the low
thickness of the samples, cyclic tests will be carried out with a symmetrical loading ratio using an antibuckling system. Rolling material anisotropy will be also discussed in the presentation. The strong
mechanical gradient will be assessed using Digital Image Correlation (DIC). This technique allows
measurement of local displacement fields inside and in the vicinity of the welded joint and thus, gives access
to the local mechanical behaviour gradient. A constitutive model will be then proposed taking into account
the microstructural parameters evolution measured experimentally.
Finally, the constitutive model will be validated using multi-axial loadings on our bi-axial facility in the
laboratory.

	
  

20	
  

4th	
  International	
  Conference	
  on	
  Material	
  Modeling;	
  May	
  27-‐29,	
  2015;	
  Berkeley,	
  California,	
  USA	
  
	
  

Mechanical Modeling of Tissue Interaction in Facial Tissues
1,2
1,3
2 1
2
3
J. Weickenmeier, E. Mazza, E. Kuhl , ETH Zurich, Stanford University, EMPA Deubendorf
Skin tissues exhibit characteristic changes in morphology and phenotype related to age that affect the
mechanical properties, functional performance, and outer appearance especially in the region of the face.
Due to extensive exposure to gravimetric forces, progressive actinic damage, and environmental factors
such as UV light radiation and chemical substances, skin tissue experiences significant changes over time.
The formation of wrinkles and the increase of skin ptosis are direct consequences of loss of collagen and
elastin content in the dermis causing decreased skin elasticity and pronounced slagging of supportive tissue
layers [LaTrenta, Atlas of Aesthetic Face & Neck Surgery, W.B. Saunders Company,
2004]. Our investigations incorporate experimental and numerical methods to describe the mechanical
mechanisms in soft tissues such as in facial expressions or skin wrinkling in the forehead triggered by
muscle contraction.
Our experimental campaign includes an ultrasound based visualization of the in-vivo response of the
superficial facial tissue layers in skin displacement measurements. Our data provides a quantification of the
mechanical properties of tissue layer interactions of young, aged and diseased superficial skin. Additionally,
we incorporate our experimental findings in an anatomically detailed, MR image based on finite element (FE)
model of the forehead region. This allows us to simulate the tissue response during
frowning, i.e. the formation of skin wrinkling upon frontalis muscle contraction. Our numerical simulations
consider the elastic-viscoplastic material model proposed by Rubin and Bodner [Rubin and Bodner, IJSS 41,
2004] and are based on their numerical implementation within the FE environment [Weickenmeier et al.,
IJNMB 30, 2014]. The typical layer structure of soft tissues in the forehead region is represented in the FE
model and the mechanical interaction properties at the individual layer interfaces are defined based on our
experimental data. The experimental data is shown to visualize the characteristic changes of facial skin
associated with age and disease which include pronounced changes in skin elasticity, displaceability and
alterations in skin morphology (e.g. SLEB - subepidermal low-echoic band due to the accumulation of water,
loss of collagen). In particular, we show that allowing for relative displacements of distinct tissue layers in our
FE model of the forehead allows for a realistic representation of the formation of skin wrinkles upon muscle
contraction [Weickenmeier et al., LNCS 8789, 2014].
The experimental quantification of tissue layer interaction provides significant insight in the alterations of
tissue properties in diseased skin. However, in clinical practice today, still no quantitative method exists to
characterize superficial tissues in diseases like scleroderma (pathological accumulation of collagen in
subepidermal skin) or related tissue diseases such as fibrosis. Further investigations should address the
development of a standardized method to evaluate the ultrasound data from skin displacement tests in order
to provide the medical community with a reliable indicator for the state of the disease, the effect of medical
treatment and inter-subject comparability.
	
  
Session 3: 3:30 – 5:00
Delayed Hydride Cracking in Zirconium Alloys – Microstructural Modelling and The Challenge of
Developing an Engineering Assessment
Michael Martin, Rolls-Royce
Zirconium alloys, as used in water-cooled nuclear reactors, are susceptible to a time-dependent failure
mechanism known as Delayed Hydride Cracking, or DHC. Corrosion of zirconium alloys in the presence of
water generates hydrogen that subsequently diffuses through the metallic structure in response to
concentration, temperature and hydrostatic stress gradients. As such, regions of increased hydrogen
concentration develop at stress concentrating features, leading to zirconium hydride precipitation. Regions
containing zirconium hydride are brittle and prone to failure if plant transient loads are sufficient.
This talk will describe the DHC mechanism before leading to a discussion of existing industry structural
integrity assessment methods that provide numerical assessment of DHC susceptibility, commencing with
the Canadian pressure tube standard CSA N285.8-10. This standard uses a process-zone modelling
approach to define a threshold stress level beyond which DHC is predicted to occur. The process-zone
model represents the hydrided region at a notch as a single infinitesimally thin strip radiating from the notch
root, while the Canadian standard provides a solution for specific geometry cases typical of pressure tubes.
Finite element based cohesive-zone modelling has recently been proposed as a method for extending the
capability of the process-zone approach and is discussed next, in particular relating to the specification of
arbitrary feature geometry, arbitrary hydride distribution at the feature of interest and also enabling the
application of elastic-plastic material properties. The talk will conclude with a discussion of the ongoing
developments in mechanistic models for DHC prediction in zirconium alloys. Some of these models account
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for coupling between structural, hydrogen diffusion, microstructure and hydride failure behaviour and can, in
theory, represent complex cyclic phenomena such as hydride ratcheting, accounting for the change in
diffusion driving force that results from hydride precipitation-derived transformation strain. The supporting
experimental procedures that are essential for validation will be discussed with a view towards distilling
complex numerical procedures into an engineering assessment approach that can be used routinely in
industry.
Observation of Size-dependent HCP to FCC Phase Transformation in Ti
Rachel Traylor, Josh Kacher, Andrew Minor
University of California, Berkeley and Lawrence Berkeley National Laboratory
We report the observation of a phase transformation in a Ti-0.1 wt.% O alloy from HCP to FCC upon thinning
to electron transparency. [0001] oriented single crystalline α-Ti pillars either fully or partially transformed into
an FCC structure after thinning micropillar specimens via FIB machining. It was found that the transformation
occurred only in pillars with the aforementioned orientation, indicating a thin film surface orientation
dependence. Furthermore, EELS thickness studies showed a higher amount of FCC phase in thinner
regions. The FCC phase was estimated to be approximately 15% less dense than the HCP phase, which
may help explain why FCC Ti has only been observed in thin films since the much higher surface area to
volume ratio of thin films would allow for more lattice expansion. Of the partially transformed pillars, three
HCP-FCC orientation relationships were observed via EBSD and TEM analysis; (1) {0001}HCP || {111}FCC,
(2) {10-12}HCP || {-112}FCC, and (3) {0001}HCP || {-200}FCC. The mechanism(s) responsible for the
transformation still remain unknown, though it can be concluded from the present work that the
transformation is film thickness and orientation dependent.
Constitutive Modelling Approaches for Titanium Alloys with Application to Process Simulation
Jeffery Brooks, Hector Basoalto, University of Birmingham
The industrial application of titanium alloys requires a critical understanding of the influence of microstructure
on mechanical properties for the simulation of their behaviour during both manufacturing and subsequent
service. An extensive range of mechanical tests in the hot working range have been carried out on the
established Titanium-6%Aluminium-4%Vanadium alloy (Ti64) in various product forms to establish the
variation associated with the different production routes and to provide data for validating a solid mechanics
based approach to the prediction of the flow stress at high temperature. The basic behaviour of the alloy was
characterised by the occurrence of significant flow softening for high values of the Zener-Hollomon
parameter (Z) which gradually changed to flow hardening as Z decreased. It was apparent, however, that the
degree of flow softening had started to decrease again at the highest Z values. The range of experimental
conditions, therefore, covered all three of the classical deformation regimes of creep, superplasticity and
dislocation glide.
This paper presents state variable approaches for modelling the plasticity in titanium alloys that account for
the microstructure and its evolution during deformation. The models relate the flow stress to the interaction
between dislocations and grain boundaries through the rate of dislocation generation and the rate of
dislocation trapping. Length scale effects arising from constraints on deformation due to grains and lamellar
structures are also addressed through the concept of geometrically-necessary dislocations (GND). In
addition physics based crystal plasticity models of the deformation of the alpha and beta phases in titanium
have been developed based on the flow stress data of the individual phases in the temperature range 9001000 Co. A homogenisation method is then used to predict the behaviour of Ti64 with a lamellar
microstructure.
The models captured the variations in flow behaviour and predicted the characteristic sigmoidal behaviour
of stress with strain rate while the predictions matched the experimentally observed macroscopic flow of the
two phase material. The methods are used to simulate the stress-strain behaviour during both monotonic
and cyclic loading conditions.
Modelling of Ultrasound Wave Propagation in Heterogeneous Materials
Michael Lowe, Fionn Dunne, Peter Huthwaite, Bo Lan, Anton Van Pamel, Imperial College London
Ultrasound waves propagating through a material offer a valuable means for measuring material properties
such as elastic stiffness, density and grain size distributions. The measurements that are made include wave
speed, attenuation and back-scatter. A particular attraction is that the ultrasound can interrogate the internal
volume of the material, whereas most other measurement methods are best just at or near the surface. The
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recent availability of high quality ultrasound array transducers with powerful computer processing is now
making quite complex interrogations possible, such as tomographic inversions to identify the spatial
variations of the properties within the material.
Model simulations of wave propagation through the materials play a vital part in making these kinds of
measurements. They enable the study of the physics of the phenomena, to support the development of the
most sensitive measurement setups. They are also vital for forward computations within the inversion
algorithms. Again there is a revolution in possibilities, with the advent of computers that are now becoming
powerful enough to simulate, in 3D, propagation through discretised grains defined in detail with their local
stiffness properties. This emerging capability is enabling the local characteristics of materials, such as the
particular elastic anisotropies of HCP materials, to be incorporated realistically in the simulations; the
ultrasonic characterisation of these HCP materials is a current area of work of specific interest to the authors.
The presentation will discuss some current models, using Finite Element simulations and also simplified raytracing, some uses of these for inversions to find elastic stiffness properties, and ideas for ongoing work with
them.
Hearst 290 – Nonlinear Elasticity and Viscoelasticity
Notes on the Mechanics of an Octopus's Arm
Reuven Segev, Dorian Kim, Ben-Gurion University
The arm of the octopus serves as an example of a manipulator possessing an infinite number of degrees of
freedom as it has no rigid links. For this reason studying mechanical models of the octopus’s arm is of
interest from both the theoretical and practical points of view.
The arm of an octopus contains five groups of muscle fibers: longitudinal fibers, two groups of mutually
orthogonal transverse fibers, and two groups of right handed and left handed helicoidal fibers. When the
muscles are inactive, the material that makes up the arm does not support shear statically. In addition, the
tissue is assumed to be incompressible. Such a structure is referred to a mascular hydrostat. Thus, we
assume that 5 distributed intertwined muscle fibers groups are embedded in the arm and that the total
mixture is incompressible.
In a study of the mechanics of the octopus’s arm, one should try to explain how the arm functions without
having a rigid skeleton and in spite of the fact that muscle fibers can apply tension and cannot apply
compression. As an elementary oversimplified example, using incompressibility, the arm can extend and can
apply longitudinal compression by contracting the transverse muscle groups.
The structure of the arm raises some theoretical questions. For example, since the space of the values of
the stress tensor at a point, is 6-dimensional, can it be spanned by a collection of 6 stress tensors
corresponding to tensions in 6 fiber bundles? Next, taking incompressibility into consideration, one would like
to find conditions for the geometry of a collection of 5 uniaxial stresses in the directions of the fiber bundles
together with the identity tensor span the space of symmetric tensors. We examine the situation where under
fixed activation of the muscles, the arm is loaded externally undergoing a passive small deformation which is
superimposed on the arm's previous large deformation. Linearization of the constitutive relations in a
neighborhood of the prestressed activated configuration shows how geometric stiffness enables the arm to
support external loading even with a smaller number of muscle groups. In the analysis, a fiber bundle is
represented by a vector field whose magnitude is the density of the fibers. Various kinematic relations for the
fiber density vector fields are presented. In fact, from the general geometric point of view, the fiber density is
better described as a differential 2-form.
From 3D Nonlinear Elasticity to 1D Elastic Models for Thin-walled Beams
Roberto Paroni, DADU, University of Sassari, Italy
Geometrically, a thin-walled beam is a slender structural element whose length is much larger than the
diameter of the cross section that, on its hand, is larger than the thickness of the thin wall. This kind of
beams has been used for a long time in civil and mechanical engineering and, most of all, in flight vehicle
structures because of their high ratio between maximum strength and weight. From a mathematical point of
view, these beams present two scaling factors: one is the ratio between the diameter of the cross-section
and the length of the beam, the other is the ratio between the wall thickness and the diameter of the crosssection.
In this talk, starting from three-dimensional nonlinear elasticity we shall deduce one dimensional
linear/quasilinear models for these kind of beams by means of an asymptotic analysis in which the two
scaling factors go to zero. By changing the “speed” of the scale factors and the scaling of the energy we
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shall deduce different models. The talk is based on an ongoing work with L. Freddi (Univ. Udine) and M.G.
Mora (SISSA).
Eulerian Approach with the Lie Derivative for a Thermodynamic Construction of Constitutive Models
1
1
1
2
3
Benoit Panicaud , Emmanuelle Rouhaud , Mingchuan Wang , Richard Kerner , Francois Sidoroff ,
1
2
3
University of Technology of Troyes, Pierre and Marie Curie University, Paris 6, L’Ecole Centrale de Lyon
The thermodynamics of irreversible processes is a widely accepted framework for the development of
constitutive models in the context of infinitesimal deformations. It has been also successfully extended to
finite deformations. In this case, the equations are usually developed using the Lagrangean description of
physical events under consideration and then eventually reformulated in terms of the Eulerian description.
A direct Eulerian description is proposed here in order to describe the thermodynamics of irreversible
processes to which various material continua are subjected. The principle of objectivity is imposed and
implemented through the use of the covariant description of events. Starting from the Clausius-Duhem
inequality written in terms of the specific free energy, the time derivative of the specific energy is then
evaluated as the Lie derivative of the corresponding scalar quantity. This particular choice of rate operator
ensures covariance, and thus the required material objectivity.
To begin with, we consider reversible isothermal processes (thermoelasticity). A particular set of state
variables is chosen for the free energy function. It is then possible to derive a specific constitutive model
within the Eulerian formulation and without making use of the Lagrangean approach. The constitutive model
obtained with this method exhibits new terms which are not present when using the Lagrangean approach.
These results will be explained and justified.
The possibility to extend this derivation to irreversible processes is finally discussed with application for an
elasto-plastic model. The models are then used and compared to classical elasto-plastic simulations to
exhibit differences on structure calculations.
New Methods in the Calculus of Variations
Jenny Harrison, University of California, Berkeley
Plateau's problem is to find a surface with minimal area spanning a given boundary. A number of versions of
Plateau's problem have been solved for surfaces without triple junctions. Jesse Douglas won the first Field's
medal in 1936 for his solution using surfaces that are images of two-dimensional disks. In 1960 Reifenberg
solved the general problem where competing surfaces are permitted triple junctions and span a single
embedded closed curve. Contrary to popular belief, there has been no single unifying theory extending
Reifenberg's result to surfaces spanning even three stacked circles. A joint paper with Harrison Pugh solves
the general problem in a natural and satisfying way. We prove that an area minimizing solution exists for any
bounded collection of curves, and such solutions have the local structure of a soap film.
One new idea in our approach used linking numbers to define spanning sets so that various types of holes
can be ruled out. Another is that of a ``film chain'' which nicely models surfaces with multiple junctions.
Parallels between physical properties of actual soap films and mathematical properties of their film chain
models are another clue that our approach is natural. This work relies on our theory of “differential chains,'' a
new category of ``generalized functions'' that is similar to Schwartz' distributions. Our methods have recently
been extended to solve minimization problems using bounded Lipschitz integrands to minimize weighted
area, and to prescribed boundaries with arbitrary dimension and codimension in n-space. Open problems will
be discussed, including potential applications to other types of problems in the calculus of variations,
especially where multiple junctions might arise.
Bechtel 240 – Plasticity and Viscoplasticity
A General Finite Plasticity Model with a Smooth Elastic-Plastic Transition
Mahmood Jabareen, Technion - Israel Institute of Technology
A number of approaches for finite deformation elastoplasticity with different classes of kinematic
decomposition have been published in the literature (e.g. additive split of the Lagrange strain, multiplicative
split of the deformation gradient, additive split of the rate of deformation, etc.). In the present work, a general
theoretical framework for modeling a smooth elastic inelastic transition for large deformations of rate
independent elastic-plastic and rate dependent elastic-viscoplastic materials has been proposed. In general,
the smoothness of the elastic inelastic transition in the proposed model tends to spread the inelastic region.
Furthermore, in classical rate independent elastic-plastic models the transition from the elastic regime to the
plastic regime is rather sharp, while in the present model this transition is smooth and both rate independent
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and rate dependent models are characterized by overstress.
The objective of the present work is present generalized equations of the ingredients of the inelastic theory
(like the magnitude of inelastic deformation, yield surface and the hardening) for establishing a general
framework for modeling a wide class of materials. Also the numerical implementation of the generalized
constitutive equations will be presented in the present work. Generally speaking, constitutive equations that
are based on the rate forms of deformation measures require a strongly objective integration scheme and a
proper finite element formulation. For this reason, the finite element formulation is written in terms of the
relative deformation gradient, where it was shown that the latter plays a crucial role in the integration
scheme. Furthermore, it was shown that the developed finite element treats the reference configuration as
an initial condition, which becomes irrelevant as the deformation evolves. Finally, a number of example
problems for large deformation have been considered which examine and verify the implementation of the
developed finite element and show that the integration scheme for the elastic distortional deformation is
strongly objective. In particular, the numerical examples demonstrate the capability of the formulation in
modeling problems like necking and impact.
Influence of Grain Shape on Dislocation Slip Activity Inside Free-Standing Thin Films
1
1
1
1
2 1
Laurent Delannay , Hareesh Tummala , Guerric Lemoine , Thomas Pardoen , Marc Fivel , UCLouvain,
2
SIMAP-GPM2, Grenoble
Vapor-deposited metallic films often involve small grain sizes, columnar grain shapes and a strong
crystallographic texture. Whereas crystal plasticity models properly capture the effect of texture on plastic
anisotropy, the influence of grain morphology still raises a number of questions. In electro-deposited pure
iron with columnar grains, the Lankford coefficient, which is the ratio of the in-plane and out-of-plane
transverse plastic strain rates during a uniaxial tensile test, is equal to 7 [1]. This extraordinary anisotropy
was suggested to result from a combined effect of texture, grain shape and grain size [2].
In the first part of the present study, dislocation dynamics (DD) theory [3] is used in order to predict slip
activity and back-stresses inside three spheroidal grains having the same lattice orientation and the same
volume but a different aspect ratio. The crystal symmetry is face centered cubic. The lattice orientation and
the applied stress are chosen such that the largest Schmid factor is shared by four slip systems. This leads
to a Lankford coefficient of 1.3 in conventional crystal plasticity theory whereas DD theory predicts Lankford
coefficients ranging from 1.3 to 2.6, depending on the spheroid aspect ratio. Indeed, DD simulations reveal
dislocation pile-ups at the grain boundary as well as back-stresses of different amplitudes among the four
active slip systems. In the most elongated spheroidal grain, DD theory predicts a lower back-stress and
hence preferential slip along the (111) plane that is aligned closest to the grain long axis.
In the second part of the study, a mathematical formula is suggested in order to reproduce the trends
predicted by DD theory about the back-stress developed onto specific slip systems. This formula is imported
into a crystal plasticity based finite element model (CPFEM) allowing 2D analysis of plastic flow and creep of
polycrystalline films. Model predictions are assessed against experimental measurements of Pd and Ni
obtained using a lab-on-chip technique [4].
[1] Yoshinaga, N., et al., Deep Drawability of Electro-deposited Pure Iron Having an Extremely Sharp
<111>//ND Texture. ISIJ Int., 48 (2008), 667.
[2] Delannay L., Barnett M.R., Modelling the combined effect of grain size and grain shape on plastic
anisotropy of metals. Int. J. Plast., 32-33 (2012), 70.
[3] M Verdier et al., Mesoscopic scale simulation of dislocation dynamics in fcc metals: Principles and
applications, Mod. Sim. Mater. Sci. Eng. 6 (1998), 755.
[4] S. Gravier, et al., New On-Chip Nanomechanical Testing Laboratory - Applications to Aluminum and
Polysilicon Thin Films. JMEMS, 18 (2009), 555.
The Mechanical Behaviour of 3-D Stochastic Fibrous Materials
Yanhui Ma, Hanxing Zhu, Cardiff University
Fibrous materials are promising for functional and structural applications due to their low density and high
mechanical properties. In this paper, we have developed a continuum mechanics based three-dimensional
random beam model of the metal fibrous structures to investigate the elasto-plastic behaviours using finite
element analysis (FEA). It has shown that the model of the fibrous structure built in this study is transversely
isotropic. The relative density dependence of the elastic constants and yield strength of the fibrous structure
is predicted and found to have good agreement with available experimental results.
The objective of this work has been to delineate how the key features in the anisotropic structures affect its
stiffness and yield strength. We have constructed the periodical stochastic fibrous structure with different
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concentration of cross-linker, overlap degree and varying relative densities. The results indicate that the nondimensional Young’s modulus and shear modulus increase with the increasing of relative density. The
effective Poisson’s ratio can be as high as 7 or as low as 10e-4.
To define the yield strength in the simulation, the stress-strain curves for thirteen different loadings in the xy plane and x-z plane have been plotted together with the corresponding von Mises stress-strain curves. The
yield behaviour of the metal fibrous materials are fully characterised by two stress invariants, the mean
stress and the effective deviatoric stress. From the simulated multiaxial stress versus strain curves, the yield
surface has been explored.
Representative Volume Element Size for Viscoplastic Properties in Face-centered Cubic Metals
Justin Dirrenberger, Véronique Favier, Olivier Castelnau,
PIMM, UMR 8006 Arts et Métiers-ParisTech/CNAM/CNRS, Paris
Microstructural heterogeneities play a critical role on the macroscopic physical properties of materials. One
common way to account for this underlying complexity is resorting to homogenization techniques. Many
approaches, including analytical and computational, are available for determining the homogenized
properties of random media. Most of them necessitate the existence of a representative volume element
(RVE). Assuming ergodicity for the heterogeneous media considered, Kanit et al. (2003) proposed a method
based on a statistical analysis for computing the minimal RVE size for a given physical property Z and
precision in the estimate of effective properties. The computed RVE size is proportional to the integral range
(Matheron, 1971), which corresponds to a volume of statistical correlation.
This method is applied and extended here to the case of viscoplasticity within face-centered cubic
polycrystalline aggregates. As a matter of fact, the assumption of equivalence between the micro- and
macro-viscoplastic strain rate sensitivity is classically made for polycrystalline aggregates, i.e. the strain rate
sensitivity at the scale of the polycrystal is expected to be some average of the sensitivities at the scale of
the slip systems. In this work, we intend to investigate the veracity of this assumption depending on sample
size and representativity. Microstructural stochastic modelling using Neper (Quey et al., 2011) is performed
based on Voronoi and Laguerre tessellations in order to study the effect of geometrical anisotropy on the
RVE size.
Computational homogenization for mechanical properties is performed through finite elements based on a
crystal plasticity framework, over multiple realizations of the stochastic microstructural model, using static
and kinematic uniform boundary conditions . The generated data undergoes statistical treatment for
determining RVE sizes in the case of viscoplasticity.
- Kanit, Forest, Galliet, Mounoury and Jeulin, I. J. Solids Struct., 40, 3647–3679, (2003)
- Matheron, The Theory of Regionalized Variables and its Applications, Les Cahiers du Centre de
Morphologie Mathématique de Fontainebleau, Ecole des Mines de Paris, (1971)
- Quey, Dawson and Barbe, Comp. Meth. Appl. Mech. Eng., 200, 1729–1745 (2011)
	
  
Constitutive Modeling of Additive Manufactured Ti-6Al-4V Cyclic Elastoplastic Behaviour
Kyrakios I. Kourousis1,2, Dylan Agius2, Chung Wang2, Aleksandar Subic2,
1
University of Limerick, 2RMIT University, Melbourne
	
  
Metal additive manufacturing techniques have been increasingly attracting the interest of the aerospace and
biomedical industry. A particular focus has been on high value and complexity parts and components, as
there the advantages offered by additive manufacturing are very significant for the design and production
organisations. Various additive manufacturing techniques have been tested and utilized over the past years,
with laser-based technology being among the preferred solutions – e.g. selective laser melting / sintering
(SLM / SLS). Fatigue qualification, as one of the primary design challenges to meet, imposes the need for
extensive material testing. Moreover, this need is amplified by the fact that currently there is very limited inservice experience and understanding of the distinct mechanical behaviour of additively manufactured
metallic materials. To this end, material modelling can serve as a mediator, nevertheless research particular
to additively manufactured metals is also quite limited. This work attempts to identify the cyclic elastoplastic
behaviour characteristics of SLM manufactured Ti-6Al-4V. A set of uniaxial stress and strain controlled
mechanical tests have been conducted on as-built SLM coupons. Phenomena critical for engineering
applications and interrelated to fatigue performance (mean stress relaxation, ratcheting) have been
examined under the prism of constitutive modeling. Cyclic plasticity models have been successfully
employed to simulate the test results. Moreover, a preliminary analysis has been conducted on the
differences observed in the elastoplastic behaviour of SLM and conventionally manufactured Ti-6Al-4V and
their possible connection to material performance in the high cycle fatigue regime.
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Sibley Auditorium – Multiscale Modeling
Hadamard Instability Analysis of “Negative Creep” in Coupled Chemo-Thermo-Mechanical Systems
Xanthippi Markenscoff, University of California, San Diego
A Hadamard instability analysis of the system of partial differential equations governing a coupled nonlinear
thermo-mechano-chemical system provides a unified analysis of both “spinodal” Larche-Cahn type (loss of
convexity of thermodynamic functions) instabilities[1], and “negative creep” ones [2], by balancing different
order terms in the eigenvalue equation.
[1] Larche, F.C., and Cahn, J.W., “The interaction of composition and stress in crystalline solids”, Acta
Metall., 33, pp 331-357, 1985.
[2] Li, J.C.M., “Negative creep and mechanochemical spinodal in amorphous metals” Materials Science and
Engineering, 98, pp 465-468, 1988
[3]Markenscoff, X., “Instabilities of a thermo-mechano-chemical system”, Quart. Appl. Math., 59, pp 471-477
(2001)
[4] Markenscoff, X. Hadamard instability analysis of “negative creep” in coupled chemo-thermo-mechanical
systems, Continuum Mechanics and Thermodynamics, submitted
Polycrystalline Modeling of Dynamic and Static Strain Aging Phenomena in Commercially Pure Alpha
Titanium
Arina Marchenko, Samuel Forest, Matthieu Mazière, Jean-Loup Strudel, (presented by E. Nizery)
Centre des Matériaux, Mines ParisTech
The phenomenon of strain aging in titanium has been the object of multiple researches over the past few
decades. Various physical mechanisms have been proposed in the literature to explain the occurrence of the
strain aging in hexagonal close-packed metals in a large range of strain rates and temperatures. To date the
issue of strain aging in Ti and its alloys stays debatable and needs a further investigation.
The experimental studies on commercially pure alpha titanium revealed a yield stress anomaly
corresponding to static aging peak when the material is loaded in transverse direction. The presence of the
stress peak can be attributed to the interaction of the activated <c+a> slip systems with the atoms of
interstitial oxygen resulting in the dislocation pinning-unpinning process conforming Cottrell aging. At the
lower strain rates small serrations on the stress-stain curves typical for the Portevin-Le Chatelier effect have
been observed. These serrations can be due to the non-planar core of screw-type dislocations that normally
govern the room-temperature deformation of alpha titanium [1]. The core structure of the screw dislocations
can take alternatively two states: a metastable state, sessile spread in the prismatic plane and a stable state,
glissile in the basal plane [2]. Once it happens, dislocation motion becomes jerky with a series of sudden
jumps between locking positions.
The proposed mechanisms of SSA and DSA were adopted in the present study and a phenomenological
strain aging model was formulated. The modeling approach for strain aging suggested by McCormick [3] is
based on the internal variable called the aging time ta. This variable introduces a stress over-hardening
corresponding to the pinning of dislocations due to strain aging phenomenon. Finite element simulations are
then performed on the polycrystalline aggregates for different number of grains taking into consideration the
effect of anisotropy of titanium. The simulation results will be compared to the experiments.
References:
[1] S. Naka, A. Lasalmonie, P. Costa, L. P. Kubin. The low-temperature plastic deformation of alpha-titanium
and the core structure of <a>-type screw dislocations. Philosophical Magazine A 57 (5), (1988), pp. 717–740.
[2] A. Couret, D. Caillard. Dissociation and friction forces in metals and alloys. Journal of Physics III 1 (6),
(1991), pp. 885–907.
[3] P.G. McCormick. Theory of flow localization due to dynamic strain ageing. Acta Metallurgica., 36, (1988),
pp. 3061–3067.
Effective Nonlinear Modeling of Asphalt Concrete on the Basis of µ-CT Scans
Thorsten Schueler, Ralf Jaenicke, Holger Steeb, Ruhr-University Bochum,
Asphalt concrete as a widely used building material is a complex multiphase material whose overall behavior
strongly depends on its constituents and their individual behavior. The typical asphalt compound has three
major constituents, namely mineral aggregates, a binding agent and air-voids. Depending on volume fraction
and type of constituents and binding agent, a wide range of asphalt types can be generated. An ongoing
research field is to simplify the understanding of the prevalent properties and behavior of asphalt concrete on
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the large scale. Experiments are costly and our goal is to create equal numerical simulations.
Volume fraction, grading curve, grain connectivity and grain-size distribution are a few keywords that
describe the prevalent conditions inside a real compound. It is necessary to gain knowledge about these
conditions to create the best possible environment for numerical simulations.
In our study, this knowledge is gained by several physical specimen, which are scanned by a µ-CT. The 3D
analysis software Avizo gives us the opportunity to extract the morphological properties from the
reconstructed volumes, since some of them are not known from the production process itself. This workflow
enables us to determine a whole set of variables for the micromorphology, which can be used to create
artificial statistical volume elements (SVEs) for numerical studies. The SVEs are constructed in a statistically
similar manner compared to the real sample and serve as their best possible representation.
The focus with regard to constitutive equations lies in the modeling of the bituminous binding agent, which
we interpret as a hyper-viscoelastic fluid. In our analysis of the results we concentrate on nonlinear effects on
the micro and macro scale. The choice of boundary conditions plays a major role for the numerical
simulations, since it highly influences the effective material response of the compound [1]. The possibility to
create artificial RVEs allows us to connect the material properties and morphology with periodic boundary
conditions without major impact on the overall effective material behavior even being aware of the fact that
real structures are generally non-periodic. In addition, periodic boundary conditions enable us to calculate
the material answer with a relatively small SVE size.
[1] Schüler, T.; Manke, R.; Jänicke, R.; Radenberg, M.; Steeb, H.: Multi-scale modeling of elastic/viscoelastic
compounds. In: ZAMM, Journal of Applied Mathematics and Mechanics 93 (2013), S. 126-137
A Study of Higher-Order Boundary Conditions at Elastic-Plastic Interfaces in Micropolar Single
Crystals
Jason Mayeur, Los Alamos National Laboratory
A unit cell of an elastic particle embedded in an elastic-plastic matrix is used to study the role of interface
boundary conditions on the homogenized deformation response. Previously, it was demonstrated that the
micropolar theory captures essential features of the size-dependent behavior of the composite response
predicted by dislocation dynamics simulations; however, the observed Bauschinger effect is underestimated,
which is primarily due to the constraints imposed at the matrix-particle interface. To this end, we examine the
correlation between the interface boundary conditions and the unloading response of the composite.
Modeling and Optical Properties of a Hematite Coating: Ellipsometry Data vs. Fourier-based
Computations
Enguerrand Couka1, François Willot1, Dominique Jeulin1, Patrick Callet2,
1
Centre for Mathematical Morphology, PSL Research University, MINES ParisTech
2
Centre of Robotic, PSL Research University, MINES ParisTech
Images of a hematite-based epoxy coating are obtained by scanning electron microscopy (SEM). At the
scale of a few micrometers, they show aggregates of hematite nano-particles organized along thin curved
channels. We first segment the images and analyze them using mathematical morphology. The
heterogeneous dispersion of particles is quantified using the correlation function and the granulometry of the
embedding (epoxy) phase. Second, a two-scales, 3D random microstructure model with exclusion zones is
proposed to simulate the spatial distribution of particles. This simple model is parametrized by four
geometrical parameters related to the exclusion zones solely. The microstructure is numerically optimized, in
the space of morphological parameters, on the granulometry of the embedding epoxy phase and on the
microstructure correlation function, by standard gradient-descent methods. Excellent agreement is found
between the SEM images and our optimized model. The size of the representative volume element
associated to the optimized microstructure model is also compared with that of the SEM images. In a second
step, the optical properties of the coating are predicted numerically and compared with ellipsometry
measurements. The local anisotropic permittivity tensor of hematite particles, and that of the epoxy, are
estimated by ellipsometry measurements carried out on a macroscopic hematite and epoxy samples.
Fourier-based methods are used to treat complex permittivities. They predict the effective and local electric
displacement field in the quasi-static approximation. The former is close to one of the Hashin-Shtrikman
bounds. Good agreement is found between experimental data and FFT computations in the whole range of
the visible spectrum.
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Dai 250 - Experimental Identification and Material Characterization
The Effect of Texture in Modeling Deformation Processes of Body-centered-cubic Steel Sheets
1,4
2
2
3
Gregory Gerstein , Arkadii Bruchanov , Natalie Volchok , Florian Nürnberger ,
1
2
Institut für Werkstoffkunde (Materials Science), South Ukrainian National Pedagogical University, 3Leibniz
Universität Hannover
The effect the texture is rarely considered solving manufacturing problems. This is due to difficulties when
determining the desired texture parameters. Here, characteristic values are required that are sufficient for the
calculation of properties in different directions for semi-finished sheets as well as the finished products. In
this work, the minimum number of texture parameters is defined, which are necessary to describe the
anisotropy of the polycrystal texture with orthorhombic symmetry.
There can be three parameters of integrity characteristic of texture (ICT), which is a combination of the
direction cosine of the coordinate system of the crystal relative to the coordinate system of the sample,
determined by rolling direction (RD), transverse direction (TD) and normal direction (ND) to the plane,
averaged over all directions in the sheet.
Equations to calculate the ICT based on X-ray data analysis to represent the texture were developed based
on the orientation distribution function (ODF), and on the density data from pole figures of an isotropic {111}
plane. Equations are specified for the calculation of the anisotropy coefficients of variable damage (Le
Maitre) and the measured values of Young's modulus in the main direction of the sheets in the undeformed
(annealed) and deformed states.
For the annealed steel sheets two groups of samples in RD, TD and ND (RD + 45°) were prepared. Young's
moduli of the deformed and undeformed samples were determined from the natural frequency. This resulted
for the undeformed samples in ICT1 = 0.556; ICT2 = 0.531 and ICT3 = 0.302. ICT for the samples deformed
by 10% were ICT1 = 0.573; ICT2 = 0.541 and ICT3 = 0.312. The dependence of the coefficient of the
variable damage of steel from the measuring direction was specified by the angle to RD and is characterized
by three extreme points in the interval zero to pi half. The maximum was observed in a range from 30° to 45°
from RD. The resulting anisotropy D is well described by a Fourier series in addition to the free term two
even harmonics. This fact confidence about the correction of describing the anisotropy of this property s by
tensor of four range like the anisotropy of elastic properties
For tensile strains up to 10% electron microscopy revealed a reduced damage level in cross sections, cut an
an angle of 45° to the rolling direction as compared to samples prepared in the other directions.
Numerical Modeling and Experimental Identification of Residual Stresses in Hot-Rolled Sheets
Andrij Milenin1, Szczepan Witek1, Maciej Pietrzyk1, Roman Kuziak2, Marzena Lech-Grega3,
1
AGH University of Science and Technology, 2Institute for Ferrous Metallurgy, 3Institute for Non-Ferrous
Metallurgy
The problem of calculations and experimental identification of the residual stresses in hot-rolled sheets is
considered in the paper. Residual stresses become of practical importance when the laser cutting of sheets
is applied. The factors influencing the residual stresses include the non uniform distribution of elastic-plastic
deformations, phase transformation occurring during cooling and stress relaxation during rolling and cooling.
Development and identification of a model of residual stresses in hot-rolled sheets, based on the elasticplastic material characteristic, was the goal of this paper. For this objective the FEM model of cooling and
beam model of elastic-plastic deformation of hot rolled sheets during laminar cooling and in the coil were
developed. The advantage of this model and computer program is its ability to perform fast computations in
industrial conditions. This model includes a dependence of elastic-plastic material parameters on the
temperature. The mechanical model accounts for the active loading and unloading of the sheet. Relaxation
of thermal stresses is considered based on the equations of the creep theory. Model of the thermal
deformation during cooling was obtained on the basis the dilatometric tests at cooling rates of 0.06°C/s to
60°C/s. Start and end temperatures for transformations, as well as volume fractions of phases were
measured in these tests and the coefficients in the phase transformation model were determined.
Coefficients of elastic-plastic material model and parameters of the creep model were obtained from the
experimental data for two steels in temperatures 35÷1100°C using tests on GLEEBLE 3800. Experimental
identification of residual stress in sheets after cooling in industrial conditions was performed. The X-ray
diffraction method was used for measurement of residual stresses in sheets. The program was applied to
solve a practical task of analysis of the cooling conditions with the objective to reduce the residual stresses.

	
  

29	
  

4th	
  International	
  Conference	
  on	
  Material	
  Modeling;	
  May	
  27-‐29,	
  2015;	
  Berkeley,	
  California,	
  USA	
  
	
  

Acknowledgements: Financial assistance from the NCBiR of Poland, project no. PBS1/B5/21/2013 is
acknowledged.
The Relaxation Origin in an Al - (20% at Ag.) Single Crystal Alloy from Ambient to 530K
Chérif Belamri, Saida Belamri, LRPRIM–Batna University
The Internal friction spectra of an Al - (20% at. Ag) single crystal alloy Al - (20% at. Ag) show several peaks
closely linked to its state evolution. In fact; after quench, this alloys type exhibit, generally a precipitation
hardening according this following sequences:
α(Supersaturated Solid Solution) → GP (Guinier-Preston zones) → γ’ → γ (Ag2Al).
Where γ’ are the metastable precipitates and γ the stable precipitates of the ξ intermetallic phase : Ag2Al.
Many authors report that this structural modification gives a damping effect, observed in internal friction
behavior, which its origin depends on different mechanisms.
However; most this tests are carried at varying temperature for a fixed frequency (≈ 1Hz) and consequently
the internal friction spectra are disturbed by precipitation transient effects.
The present study aims to identify the mechanisms involved from ambient to 530 K, using the Isothermal
Mechanical Spectroscopy technique (IMS). In order to avoid the precipitation transient effects, the tests are
performed at various stabilized temperature levels of the sample. So, the specimen have been progressively
heated to 530 K and then cooled down to room temperature. During heating the annealing temperature
(TANN.)is equal to the temperature of measurement (TMEAS.)and during cooling after annealing (TMEAS.)is
lower than (TANN.) Such process allows having a stable structure for each experiment temperature and the
peaks obtained correspond to active mechanisms. Thus, the results shows the closely relation between the
relaxation effects observed in this alloy and its structural transformations. The damping spectra reveal the
existence of two (2) independent peaks which we call respectively: PZ and P.
The first corresponds to a thermally activated effect and was identified at the Zener relaxation.
The second corresponds to a non thermally activated effect and was associated to the precipitation of the
semi-coherent γ' metastable phase.
Numerical and Experimental Modelling of Masonry Under Explosive Loading
Piotr Sielicki, Tomasz Lodygowski, Poznan University of Technology
The study is based on the data from the experimental and numerical investigation on the masonry wall
behaviour under blast loading. The research includes an overview of a crucial aspects dealing with a
numerical modelling of brick walls failure. The masonry walls exposed to the actual and a computational
blast wave action are examined. The brittle behaviour of two phases of masonry is described utilising user
subroutine VUMAT in Abaqus Explicit code. The explosive loading is presented by rapid pressure wave
which is propagated through the ambient. Moreover, the numerical behaviour of the obstacle is verified
during a laboratory tests including strain rate effect. In addition, the actual experiments are performed using
masonry walls for a close-in explosions. Finally, numerical studies are compared with the experiments.
Thursday, May 28; Session 4: 8:30 – 10:00
Blum 100 – Micro- and Nano-Scale Modeling of hcp Alloys
Application of Experimental and Computational Approaches to Explore the Richness of
Microstructures in Beta-Stabilized Titanium
Rajarshi Banerjee1, Hamish Fraser2, 1University of North Texas, 2Ohio State University
There has been considerable interest focused on the development of beta-stabilized alloys in a number of
application areas, including aerospace, automotive and biomedical sectors. Initial research has revealed that
an attractive balance of properties might result from non-conventional heat-treatment schemes (i.e., different
from those applied to alpha/beta titanium alloys), where moderately refined dispersions of alpha precipitation
in a matrix of the beta phase have been realized. This result has prompted an investigation of the
mechanism underscoring the formation of the refined precipitation of the alpha phase in these alloys using
this unconventional heat-treatment. It has been shown that the pseudo-spinodal mechanism appears to be
activated in this case. Historically, it has been claimed that the presence of the omega phase in quenched
and heat-treated alloys also operates as a heterogeneous nucleation agent, although unambiguous proof of
this assertion has not been presented. In the present research, the role of the omega phase on the
nucleation of the alpha phase has been established experimentally and also computationally (phase field
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modeling), where the relative contributions of stress and compositional changes associated with the omega
phase to the driving force for nucleation have been assessed. This research has uncovered two further
refined distributions of the alpha phase, one being termed “refined” and the second being “super-refined”.
The mechanisms of formation of these different types of distributions will be presented and discussed, and
the accuracy of the phase field model developed in this research to predict the evolution of microstructures in
these alloys will be described.
In-situ TEM Deformation of Lightweight Alloys and Local Strain Measurements with Diffraction
Imaging
Andrew M. Minor, UC Berkeley & LBL
Besides the important results related to the effect of size on the strength of individual nanostructures, the
ability to systematically measure the mechanical properties of small volumes through nanoscale mechanical
testing allows us to test samples that cannot easily be processed in bulk form, such as a ion-irradiated
materials or single crystals of very specific alloys. This talk will highlight recent advances with in situ
Transmission Electron Microscopy (TEM) nanomechanical testing techniques that provide insight into smallscale plasticity and the evolution of defect structures in lightweight alloys such as Mg, Al and Ti. In addition to
measuring the strength of small-volumes, measuring the evolution of strain during plastic deformation is of
great importance for correlating the defect structure with material properties. Here we demonstrate that strain
mapping can be carried out during in-situ deformation in a TEM with the precision of a few nanometers
without stopping the experiment. Our method of local strain mapping consists of recording large
multidimensional data sets of nanodiffraction patterns using a new high-speed direct electron detector. This
dataset can then be reconstructed to form a time-dependent local strain-map with sufficient resolution to
measure the transient strains occurring around individual moving dislocations.
A Study of Local Deformation Mechanism in Two-Phase Ti Alloys Using Micromechanical Testing
and CPFE Modelling
Tea-Sung Jun, Zhen Zhang, Fionn Dunne, Ben Britton, Imperial College London
Demands for using two-phase Ti alloys have progressively increased in many industries, particularly for
elevated temperature applications such as gas turbine and aerostructures. Unlike α-Ti single crystal,
deformation mechanism of two phase α/β Ti alloys is still unclear. In addition to highly localised deformation
and elastic/plastic anisotropy inherent to hcp Ti, complexities arise due to the difference and interaction
between α and β phases [1-2]. Small-scale experiments on a localised, confined area are therefore required
to improve the fundamental mechanism on the lever of the individual constituents. In recent years,
researchers [3] have developed an innovative methodology for studying micro-mechanical behaviour of
materials by adopting experiments on small-scale architectures fabricated often by focused ion beam, with a
nanoindenter as a means of applying force. In the present study, we investigated a local deformation
behavior in Ti-6Al-2Sn-4Zr-2Mo with respect to crystallographic orientation of α phase and structure of β
phase. Micropillars of tri-crystal (α-β-α) structure were fabricated on four different regions of interest, which
were chosen based on an EBSD map. In-situ compression tests were carried out using a nanoindenter
(Alemnis) set inside a SEM, with a constant strain rate. CPFE modelling was conducted in order to validate
the activated slip systems in the deformed micropillars. Analysis of local deformation behaviour influenced by
α/β morphology and crystallographic orientation, the role of Schmid’s law in slip activity, and numerical
prediction of slip/deformation and failure mode is discussed.
[1] K.S. Chan, C.C. Wojcik, D.A. Koss, Metallurgical Transactions A 12(11) (1981) 1899-1907
[2] S. Suri, G.B. Viswanathan, T. Neeraj, D.-H. Hou, M.J. Mills, Acta Materialia 47(3) (1999) 1019-1034
[3] M.D. Uchic, D.M. Dimiduk, J.N. Florando, W.D. Nix, Science 305(5686) (2004) 986-989
Grain Level Residual Stress Measurements in Ti-7Al as a Result of Multi-Axial Loading
Michael Sangid1, Ajey Venkataraman1, John Rotella1, Kamalika Chatterjee2, Armand Beaudoin2, Jun-Sang
Park3, Peter, Kenesei3
1
Purdue University, 2University of Illinois, 3Advanced Photon Source – Argonne
In an alpha phase Ti alloy, Ti-7Al, High-Energy Diffraction Microscopy (HEDM) is used to examine the grain
average lattice strains. The experiment is conducted at the 1-ID beamline of the Advanced Photon Source at
Argonne National Laboratory. First the role of hydrostatic stresses was tracked in a notched specimen during
loading. Typically, plastic deformation is described by deviatoric stresses, while the experiment showed local
variations in the hydrostatic/deviatoric stress ratio were found to be quite dramatic and provided fundamental
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insight into physical mechanisms of plasticity as a consequence of grain-to-grain interaction. Second, the
grain average residual stresses were quantified by the use of a far field hydra array of detectors. A stress
state of uniaxial tension with superimposed bending was applied on the specimen to capture high-resolution
residual stress data. To complement these efforts, atomistic simulations were preformed on Ti-7Al to
elucidate the elastic moduli and deformation pathways in this material.
Quantifying Accuracy of Deformation Measurements Near Grain Boundaries Using High Resolution
Electron Backscatter Diffraction
Vivian Tong, Jun Jiang, Angus Wilkinson, Ben Britton, Imperial College London
The performance of alloys in many modes of failure can be dominated by local amplifications in stress and
strain state at a microstructural lengthscale. Modelling efforts can aid our understanding of the links between
the macroscopic boundary condition and the locally experienced stress state. These models require careful
validation with high quality experimental measurements, such as provided by high resolution, cross
correlation based, electron backscatter diffraction (HR-EBSD) with a resolution of ~1x10-4 in strain and
~1x10-4 radians in local misorientation with a spatial resolution of ~50nm. The resolution of HR-EBSD is well
characterised for grain interiors, including the effect of high frequency noise in the EBSD patterns.
Interfaces often act as local stress risers and therefore validation of the HR-EBSD technique for interfaces
needs to be performed. Measurement of strains near interfaces with HR-EBSD is complicated by overlap of
EBSD patterns, formed when the interaction volume samples both grain orientations. This could introduce
errors in the cross-correlation analysis. I will give an overview of the nature of heterogeneous deformation in
Zircaloy-4 and focus on understanding the limits of resolving residual (elastic) strain states and stored
dislocation content near grain boundaries in this alloy using HR-EBSD.
Patterns from the interior of two grains have been mixed to simulate the interaction volume crossing a grain
boundary so that the effect on the accuracy of the cross correlation results can be tested, and the high pass
filter setting calibrated to optimise the cross-correlation result. It was found that the accuracy of HR-EBSD
strain measurements remains good until the interaction volume (46nm) is less than 10nm from a grain
boundary.
Fourier filtering has been explored to see if the non-dominant pattern could be filtered out. In one case
study this argument is persuasive and the effect of filtering was explored. However when this approach was
extended more generally it was found that low spatial frequency filtering does not improve pattern
deconvolution and over filtering significantly reduces accuracy.
A simulated microstructure was used to measure how often pattern overlap occurs during an EBSD scan,
and a simple relation was found linking the probability of overlap with step size. By combining the limit of
strain accuracy with the likelihood of pattern overlap occurring, the statistical likelihood of significant error
near grain boundaries in a typical HR-EBSD map is discussed.
Hearst 290 – Nonlinear Elasticity and Viscoelasticity
Hyperelasticity Modeling for Track-work in Advanced Rapid Transit
Yail Jimmy Kim1, Isamu Yoshitake2, 1University of Colorado Denver, 2Yamaguchi University
This research presents the material modeling and application of a hyperelastic pad used in an integrated
cross-tie trackwork configuration, which is part of an Advanced Rapid Transit (ART) system. The ART
vehicle is powered by a Linear Induction Motor (LIM); correspondingly, the steel cross-tie trackwork includes
a LIM reaction rail as well as running rails to support the steel-wheeled vehicle. An elastomeric pad is placed
under each end of the cross-tie to absorb the dynamic effects from the ART. The pad has been isolated from
the integrated cross-tie system and tested to determine its material constants which are necessary for
modeling of the cross-tie system. The pad is found to be nearly incompressible and demonstrates
hyperelastic behavior. The Mooney-Rivlin (3-term) model shows the best prediction of the pad behavior
among the 5 selected hyper-elasticity models and a simplified elastic foundation model also exhibits a
reasonable engineering approximation. The contribution of variable pad stiffness values to the size of the
required air gap between the LIM and the reaction rail, and to the fatigue life of welded connections in the
cross-tie is studied.
Inhomogeneous Elastic Shell
Anurag Gupta, Ayan Roychowdhury, Indian Institute of Technology, Kanpur
We derive a complete set of tensors which characterize the inhomogeneity of an otherwise materially uniform
elastic shell. We interpret them in terms of various intrinsic defect densities associated with the two-
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dimensional shell and relate them to the defect measures of the three-dimensional theory. In particular we
show that when we consider the three-dimensional body to be dislocated, the derived shell has intrinsic
defect densities which can be interpreted in terms of both dislocation and disclination distributions over the
shell surface. Our main results include relations between defect densities, incompatibility tensors, residual
force and moment fields, and curvature. We illustrate our theory by applying it to membranes and nonlinear
plates. For these cases we derive, for a given distribution of defect distribution, the resulting states of stress
and curvature fields over the two-dimensional domain. Our work provides the basic framework to study the
emergence of residual stress and curvature in thin structures subjected to plasticity, growth, or a thermal
environment, among other possibilities. It can also lead to a deeper understanding of the defect structure in a
two-dimensional ordered and disordered media.
Residual Stress with Application to Wave Propagation
Jay R. Walton, Texas A&M University
This presentation addresses a variety of issues arising in limiting-strain models of elasticity including:
hyperbolicity, anisotropy, residual stress and wave propagation. Theorems are given specifying conditions
under which hyperbolicity holds and fails for the dynamic equations of elasticity for such models. Implications
are discussed and simulations are presented to illustrate similarities and differences between waves in
limiting-strain models and classical linearized elasticity.
The Use of Multiplicative Decomposition of Relative Volume in Modeling Nonlinear Elastic Foams
Matthew Lewis, LANL
An isotropic model for porous elastomers (foamed rubbers) is presented. An essential model parameter is
porosity. A core part of the model is the strain energy function associated with symmetric deformations of a
spherical shell of incompressible rubber with a Mooney-Rivlin constitutive mechanical response. It can be
shown that this part of the model is consistent with the development by Danielsson et al. (2004) for a dilutely
voided Neo-Hookean material. A clearer, invariant-based form of the Danielsson model is then shown to
serve as the basis for a model that includes the effect of matrix incompressibility to overcome the often
undesirable singular behavior of the the Danielsson model.
The extended model uses the full pressure field solution for an incompressible, spherical shell of NeoHookean material to motivate a multiplicative decomposition of the relative volume of a foamed rubber. The
parent material is assumed to have a logarithmic pressure-volume relationship. The resulting model is shown
to reproduce material response for a wide range of relative densities. At low relative densities, the loss of
polyconvexity associated with the Danielsson model can be removed by an additional term in the
multiplicative decomposition of the relative volume to account for an assumed volumetric buckling effect. The
inclusion of this term allows the model to be used at even lower relative densities.
Bechtel 240 – Dislocation Dynamics
Possible Directions to Extend the Validity of the Current 2D Continuum Theory of Dislocations
Istvan Groma, Peter Ispanovity, Zoltan Vandrus, Eotvos University Budapest
The first continuum theory of dislocation based on the statistical properties of individual dislocations was
derived more than a decade ago. In order to get a closed theory several assumptions (like the GND density
is small compared to the stored one, the spatial fluctuations are small, etc.) had to be made. There are,
however, several important problems where these assumptions are not fulfilled.
In the talk we first discuss the general form of a 2D continuum theory of dislocations, then we summarise
some possible ways of extending the validity of the theory for problems like describing the dislocation density
variation next the a grain boundary or recover dislocation pattern formation.
Statistical-mechanics-based Continuum Models for Discrete Dislocation Networks
Bob Svendsen, RWTH Aachen; Max-Planck Institute for Iron Research, Düsseldorf
Collective dislocation behavior in metallic systems is highly dissipative in nature and results in the formation
and evolution of a wide variety of microstructures such as tangles, networks, cell-wall systems, or sub-grains.
A wide range of length- and timescales is involved. Current modeling approaches for such behavior are often
statistical and/or dynamical in nature. In the case of dislocation line networks, for example, such approaches
include kinetic Monte Carlo or line dislocation dynamics. In the current work, the LDD-based approximation
of a dislocation network as a discrete system of connected interacting dislocation line segments is used as a
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basis for the formulation of coarse-grained continuum models for such a system via application of the IrvingKirkwood-Noll approach and non-equilibrium thermodynamics to discrete non-Hamiltonian dissipative
systems. In particular, this formulation results in continuum balance and constitutive relations for such a
system depending on the underlying discrete line segment kinematics and dynamics. Comparisons with
existing statistical formulations for collective dislocation behavior such as will be drawn.
Some Remarks on the W-A Model
1
2
2
Michael Zaiser , Kostas Spiliotis , Elias Aifantis ,
1
2
University of Erlangen-Nürnberg, Aristotle University of Thessaloniki
The Walgraef-Aifantis model of dislocation patterning and persistent slip bands is revisited by examining its
scaling properties in the similitude regime, as earlier suggested by Zaiser and co-workers. We determine
what the stress-dependence of the phenomenological coefficients should be for the model to satisfy such
dislocation scaling requirements. Possible input on the phenomenological coefficients gained from DD
simulations is also examined and the role of stochasticity is also considered. The usefulness of non-singular
expressions for dislocation interactions in benchmark problems of DD simulations is also addressed.
Microstructural Comparison of Continuum Models for Dislocation Plasticity
Mehran Monavari, Michael Zaiser, Stefan Sandfeld, Friedrich-Alexander-Universität Erlangen-Nürnberg
Continuum modeling of dislocation microstructures started with the early works of Kröner and Nye [1]. They
envisaged the geometrically necessary dislocation (GND) density tensor (α) as the curl of the plastic
distortion in the crystal. The Kröner-Nye tensor, however, cannot represent the statistically stored
dislocations (SSD) which become relevant when the plastic distortion is resolved on a larger scale than the
scale of single dislocations. Various continuum dislocation models have approached this problem from
different perspectives: (I) complementing the evolution equation of α by semi- phenomenological terms (A.
Acharya [2]); (II) representing fluxes of positive and negative edge dislocations which automatically can
represent GNDs and SSDs and their mutual conversion (I. Groma [3]); generalizing this approach one step
further by distinguishing edge and screw dislocations forming systems of rectangular loops as done by A.
Arsenlis [4]. Recently, also theory that allows for arbitrary dislocation orientations was proposed in the form
of the higher-dimensional continuum dislocation dynamics theory (hdCDD) introduced by T. Hochrainer [5].
Subsequently, Hochrainer et al. derived a systematic framework for constructing numerically efficient models
based on Fourier expansions of the hdCDD density tensor [5,6] which, however, require closure assumptions
in order to arrive at finite systems of continuum dislocation dynamics (CDD) equations.
In this paper we use the maximum entropy principle to derive closure assumptions for the two lowest order
CDD models, CDD(1) and CDD(2) [7]. We then discuss in detail the advantages and the deficiencies of the
two CDD variants in comparison with the initially mentioned models of Acharya, Groma and Arsenlis. As a
benchmark test we compare the performance of these models by studying the evolution of dislocation
microstructure in a velocity field which idealizes the situation found in persistent slip bands (PSB). This is a
very challenging model system because a continuum theory needs to be able to represent the formation of
edge dipoles in regions of low velocity and the threading screw dislocations in the channels – a complex
interaction of two types of SSDs and their (partial) conversion into GND fields all of which has been directly
observed in experiments.
[1] E. Kröner, Springer-Verlag, 1958.
[2] A. Acharya, J. Mech. and Phys. Solids 52 (2) (2004)301–316.
[3] I. Groma, Phys. Rev. B 56 (10) (1997)
[4] A. Arsenlis, et al., J. Mech. and Phys. Solids 52 (6) (2004)
[5] T. Hochrainer, et al., J. Mech. and Phys. Solids 63 (2014
[6] T. Hochrainer, submited to Phil. Mag. (arXiv: 1409.8461)
[7] M. Monavari, et al., Mater. Res. Soc. Symp. Proc. 1651 (2014)
Sibley Auditorium – Multiscale Modeling
Transient Computational Homogenization for Locally Resonant Metamaterials
Varvara Kouznetsova, Ashwin Sridhar, Anastasiia Krushynska, Marc Geers,
Eindhoven University of Technology
In recent years, significant progress has been achieved in the development of the so-called metamaterials,
exhibiting `exotic' properties, usually not existent in natural materials. One of the examples are the acoustic
metamaterials designed to attenuate sound propagation at the structural level for certain frequencies. The
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unique features of these metamaterials originate from the complex interaction of transient phenomena at the
microscopic and macroscopic scales, with local resonance occurring within (one of the) micro-constituents
resulting in effective band gaps at the macroscale.
Up to date, most of the analytical and numerical approaches used to analyse the behaviour of these
materials relied on the linearity assumption, e.g. asymptotic homogenization, multiple scattering theory of
elastic waves or modal analysis. Moreover, these techniques are usually suitable for the analysis of the
effective dynamic properties of an infinite material, without taking into account the response of a structure
made thereof, which may change the local transient phenomena. In addition, it is expected that exploiting the
non-linear regimes may open even broader possibilities in the design of acoustic metamaterials. As
metamaterials will be used increasingly in a near future, it will be necessary to study their ultimate properties,
e.g. inelastic behavior, damage, fatigue, etc. A powerful technique to bridge the microstructural behaviour
and macroscale response, particularly suitable for complex microstructures with non-linear behaviour and
evolution, is the so-called computational homogenization (FE2). Classical (first-order) computational
homogenization schemes require, however, full separation of length and time scales, which clearly does not
hold for locally resonant metamaterials.
In this work, a novel transient computational homogenization procedure that is suitable for the modelling of
the evolution in space and in time of materials with non-steady state microstructure, such as metamaterials,
is developed. In the new approach the separation of scales hypothesis is relaxed that allows going beyond
the long wavelength approximation for the microstructural components. It is based on an enriched
description of the micro-macro kinematics by allowing large spatial fluctuations of the microscopic
displacement field compared to the macroscopic displacement field, arising from the local resonance
phenomena. From the microstructural analysis, the macroscopic stress and the macroscopic linear
momentum are obtained from an extended Hill-Mandel macrohomogeneity condition.
As an example, the transient computational homogenization approach is applied to the multi-scale analysis
of a three component local resonance metamaterial and the results are verified against Direct Numerical
Simulations.
Computational Homogenization at Finite Strains Accounting for Size Effects via Surface Energy
Ali Javili1, Christian Linder1, George Chatzigeorgiou2, Andrew McBride3, Paul Steinmann4,
1
Stanford University, 2CNRS, Metz, France, 3CERECAM, Cape Town University, 4University of ErlangenNuremberg
The objective of this presentation is to establish a first-order computational homogenization framework using
the finite element method for micro-to-macro transitions of porous media that accounts for the size effects at
the RVE level through consideration of the surface energy. In doing so, the surfaces of the RVE are
endowed with their own (energetic) structure using the theory of surface elasticity. Recall, the classical (firstorder) homogenization schemes do not capture the well-known size effects in nano-porous materials.
Micro-to-macro transition here, is strain-driven in the sense that the macroscopic deformation gradient is
applied on the RVE and the macroscopic stress and tangent are computed. Following a standard first-order
homogenization ansatz on the microscopic motion in terms of the macroscopic one, a Hill-type averaging
condition is established to link the two scales whereby the averaging theorems are revisited and generalized
to account for surfaces.
The Hill-Mandel condition is satisfied for a variety of boundary conditions among which linear displacement
boundary condition (DBC), periodic displacement and anti-periodic traction boundary condition (PBC) and
constant traction boundary condition (TBC) are more recognized mainly due to theoretical and numerical
simplicities associated with these choices. While computational implementation of DBC and PBC are wellestablished, a suitable procedure to avoid singularities induced by rigid body rotations in TBC is missing. A
novel approach to rectify this well-known issue is proposed and its excellent performance is emphasized via
a series of numerical examples.
The influence of the length scale is elucidated via a series of numerical examples performed using the finite
element method. The numerical results are compared against the analytical ones at small strains for
tetragonal and hexagonal microstructures. Furthermore, numerical results at small strains are compared with
the finite strains for both microstructures. Finally, it is shown that there exists an upper bound for the RVE
response and reducing the size may not lead to a stronger behavior once the pores are smaller than a critical
value.
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An FE² Model for Shape Memory Alloy Fiber-Compounds
Sven Klinkel, Benedikt Kohlhaas, RWTH Aachen University
The contribution deals with a computational model for the analysis of the non-linear response behavior of
shape memory alloy fiber-matrix compounds. A thermodynamic consistent 1D model for SMA is presented.
It is based on the second law of thermodynamics. Therefore a simplified free energy function is used. Two
yield conditions bond the elastic range. This information suffices to derive all constitutive and evolution
equations. The model accounts for all relevant nonlinear material phenomena of shape memory alloys.
These are pseudoelasticity in high temperature and pseudoplasticity in the low temperature range. The latter
is closely connected to the shape memory effect. The constrained and two-way shape memory effects are
captured as well.
A non-conform meshing concept and a conform meshing concept are presented to model the randomly
distributed fibers in the fiber-matrix compound. The non-conform meshing is based up on the rebar concept.
The conform meshing discretizes each single fiber as an individual element. Hence, the two discretization
schemes result in two different structural element formulations. Randomly oriented and distributed fibers are
considered. Both schemes are compared within the contribution.
An FE² ansatz is presented. In the present work the rebar concept is employed for a FE² scheme. By the
use of a representative volume element (RVE) the detailed microstructure is captured. A computational
homogenization process is applied to observe the macroscopic material properties and stresses. The microproblem on RVE level and the macro-problem are solved simultaneously. The computational homogenization
process avoids the detailed description of the complicated fiber-structure on macro level. The microstructure
is considered in a representative volume element attached to each integration point of the macro structure.
The sufficient size of the RVE is discussed. It captures the main characteristics of the multi-functional
composite. Finally, numerical examples show the capability of the formulation.
Permeability in Multiporous Materials: a Multiscale Modeling Approach
Hai-Bang Ly1, Vincent Monchiet1, Daniel Grande2,
1
Multi-scale Modeling and Simulation Laboratory, Université Paris-Est Marne la Vallé, 2East Paris Institut of
Chemistry and Materials Science, Université Paris-Est Créteil, France
The elaboration and applications of porous materials have constituted areas of intense research for many
years in the development of diverse applications, including materials for civil engineering, scaffolds for tissue
engineering or devices for drug delivery applications. Over the last decade, doubly porous materials have
attracted a particular attention from the research community. These particular materials offer new interesting
perspectives for the preparation of sustainable materials. The role of each porosity level is different and
associated with diverse transfer processes. Macropores would allow macro-molecules flow through the
material, while a nanoporous network would be dedicated to the passage of smaller molecules, thus acting
as a second transport mechanism, especially when macropores are totally clogged.
To finely estimate the transport properties of such materials, the development of models and up-scaling
methods has been considered. Indeed, the determination of the permeability of porous media is important in
several practical problems related to mechanics and civil engineering. The modeling of flow through doubly
porous materials raises a number of fundamental and practical questions such as the role of each porosity
level on the macroscopic permeability, as well as the optimization of the microstructure to specific
applications. The development of adapted numerical tools to simulate the fluid flow in multiporous materials
then appears to be of key importance.
In this context, we have developed a double upscaling approach to compute the permeability of doubly
porous polymeric materials by employing numerical tools based on Finite Element Method (FEM) and Fast
Fourier Transform (FFT). Due to the presence of separated scales, i.e. the nanopores, the macropores and
the macroscopic scale, the effective permeability is determined by a consecutive double homogenization
procedure. By a first scale transition at the lower scale, we compute a mesoscopic permeability by resolving
the Stokes equations associated with the fluid flow through the nanopores of polymers. At the intermediate
scale, the flow is described by the Stokes equations in the macropores and by the Darcy law for the
permeable solid containing the nanopores, in order to finally compute the macroscopic permeability at the
upper scale by a second scale transition. The latter is obtained by solving the coupled Stokes and Darcy
problem.
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On a Homogenization Method for Heterogeneous Shells and Sandwich Plates
1
2
Werner Wagner , Friedrich Gruttmann
1
Structural Analysis, Karlsruhe Institute of Technology, 2Solid Mechanics TU Darmstadt
Modeling of structures on different scales has been a popular subject in the past. Thus, e.g. the structural
behaviour is modeled on a macro-level, describing the structure itself, whereas the material behaviour is
modeled on a second micro-level. Here typically RVEs are used. The proper choice of boundary conditions
for the RVE is a difficult task in case of shell structures. It should be mentioned that the correct calculation of
material parameters on the macro level is crucial for any associated nonlinear analysis. Here, results have
been presented for homogeneous and layered structures in Gruttmann, Wagner [1].
A second aspect, which has been discussed in the paper, is the possibility of a simultaneous iteration of the
coupled nonlinear equation system emanating from the macro-problem and all nonlinear micro-problems. In
the present paper we will discuss influence of material nonlinear behaviour, e.g. elasto-plastic behaviour,
within the above described setting. Special attention is set to the effective simultaneous iteration scheme and
to an adaptive procedure. Examples present the applicability and efficiency of the proposed methods.
[1] Gruttmann, F., Wagner, W.: A coupled two-scale shell model with applications to layered structures, Int. J.
Num. Meth. Engng., 94 (2013), 1233-1254.
Dai 250 – Strain Gradient and Nonclassical Approaches
Strain Gradient Elastic-Plasticity Theory for Micro-Scaled Deformations
Jinxing Liu1, Monash Sohai Kah2,
1
Jiangsu University, 2University Sunway Campus, Malaysia
Although strain gradient plasticity theories have long served as an effective tool in investigating micro-scaled
deformations of crystalline or polycrystalline media, further improvements are still in urgent needs, as
indicated by recent experimental and theoretical evidences. This study makes efforts to build a kind of strain
gradient elastic-plasticity theory under the drive of the belief that the role of elastic deformation has been
underestimated to some extend in most existing SGPs, but can actually be as important as the plastic
counterpart. The constitutive framework is established with the help of the gradient elasticity theory by Lam
et al. (2003). The capability of the present theory is demonstrated by achievements of good agreements
when compared with experimental data.
Dislocation-Based Fracture Mechanics in Gradient Elasticity
S. Mahmoud Mousavi, Aalto University
Dislocations can be used as macro elements to achieve the elastic model of material weakened by cracks. In
this paper, dislocation-based fracture mechanics is applied for the analysis of materials within generalized
continuum theory. The motivation for this study is the fact that the singularity of the dislocation is regularized
within these generalized frameworks. Consequently, it is expected that the crack which is modeled by the
convolution of the dislocations along the crack path will also have nonsingular stress fields.
The dislocation is a line defect which gives rise to elastic and plastic distortion. The dislocation density of a
single dislocation can be convolved with a so-called distribution function, so that the boundary conditions of
the crack-faces are satisfied. The unknown distribution function is to be determined using the appropriate
boundary conditions. Using such distribution of the dislocations, the stress field of the material is derived.
The dislocation-based fracture or distributed dislocation technique is rather well known in classical
elasticity. Here, we will focus on its application to present nonsingular models of cracks in generalized
continua. Additionally, considering the nonstandard boundary conditions in gradient elasticity, the appropriate
boundary conditions will be studied.
Weertman J (1996) Dislocation based fracture mechanics, World Scientific Pub Co Inc.
Mousavi SM, Paavola J, Baroudi D (2014) Distributed nonsingular dislocation technique for cracks in strain
gradient elasticity, Journal of the Mechanical Behavior of Materials, 23:47-58.
On Finite Gradient Materials with Internal Constraints
Albrecht Bertram, Rainer Gluege, Magdeburg University
We give a mechanical framework for the modelling of second gradient materials within the scope of elasticity
and plasticity [1] as a generalization of the linear theory of [2]. The theory fulfils the Euclidean invariance
requirement since it is formulated in a Langrangean setting. The isomorphy concept [3] is applied to (plastic)
materials with elastic ranges and results in both multiplicative and additive decompositions of the plastic
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variables. The restrictions from the second law are shown. The concept of material symmetry is enlarged to
this class of materials, which gives rise to an interesting group structure.
By extending the classical notion of internal constraints [4], one can introduce kinematical restrictions for
gradient materials, which essentially coincide with the concept of pseudo rigid bodies (see, e.g. [5] and
further references therein). This opens the door for interesting applications in continuum mechanics.
For the numerical analysis, a weak form of the governing local balance equations has been derived, namely
the principle of minimum potential energy for elastic second gradient materials. An incompatible C1–
continuous tetrahedral element has been implemented. Numerical calculations by the FEM demonstrate the
regularizing effect of the gradient terms.
[1] A. Bertram: Finite gradient elasticity and plasticity: a constitutive mechanical framework. Continuum
Mech. Thermodyn., DOI 10.1007/s00161-014-0387-0
[2] A. Bertram and S. Forest. The thermodynamics of gradient elastoplasticity. Continuum Mechanics and
Thermodynamics 26 (2014), 269-286.
[3] A. Bertram. Elasticity and Plasticity of Large Deformations - an Introduction. Springer-Verlag, (2005,
2008, 2012)
[4] A. Bertram. An introduction of internal constraints in a natural way. Zeitschrift für Angewandte Mathematik
und Mechanik 60 (1980), T100-T101.
[5] J. Casey. Pseudo-Rigid Continua: Basic Theory and a Geometrical Derivation of Lagrange's Equations.
Proceedings of the Royal Society, A 460 (2004) 2021-2049.
Computational and Theoretical Aspects of a Grain-Boundary Model
Andrew McBride1, Daya Reddy1, Daniel Gottschalk2, Ali Javili3,
1
Centre for Research in Computational and Applied Mechanics, University of Cape Town, 2Institute of
Continuum Mechanics, Leibniz Universität Hannover, 3Stanford University
The miniaturisation of mechanical components composed of crystalline material requires a continuum theory
that accounts for the role of the grain boundary and for size-dependent effects. The grain-boundary model
should incorporate both the misorientation in the crystal lattice between adjacent grains, and the orientation
of the grain boundary relative to the crystal lattice of the adjacent grains. Classical theories of plasticity are
unable to describe the well-known size-dependent response exhibited by crystalline material at the microand nanometre scale.
A detailed theoretical and numerical investigation of the infinitesimal single-crystal gradient-plasticity and
grain-boundary theory of Gurtin (2008) is first performed. The governing equations and flow laws are recast
in variational form. The associated incremental problem is formulated in minimization form and provides the
basis for the subsequent finite element formulation.
The solution of the nonlinear finite element problem is obtained approximately using a Newton-Raphson
strategy. Automatic differentiation is used to efficiently compute the residual and tangent at the level of the
individual quadrature point.
Various choices of the kinematic measure used to characterize the ability of the grain boundary to impede
the flow of dislocations are compared. An alternative measure is also suggested. A series of threedimensional numerical examples serve to elucidate the infinitesimal theory.
The extension of the infinitesimal theory to the finite-strain regime is then detailed. A series of numerical
examples compare the predictions of the infinitesimal and finite-strain theory.
Gurtin, M., 2008. A theory of grain boundaries that accounts automatically for grain misorientation and grainboundary orientation. Journal of the Mechanics and Physics of Solids 56 (2), 640 – 662.
Grain-Grain Boundary Interaction in a Gradient Crystal Plasticity Description: Formulation and
Numerical Implementation
Habib Pouriayevali, Enrico Bruder, Bai-Xiang Xu, Technische Universität Darmstadt
Intrinsic size-dependent response of materials along with inhomogeneous plastic flow on the micro-scale
level are widely observed in experimental results. Prediction of such a size-dependent response requires
incorporation of atomistic slip systems, gradient description and length scale parameters into the
conventional plasticity models. Furthermore, in the polycrystalline materials, existence of boundary layer
subdividing adjacent grains plays an important role. Depending on the interaction between grain and
boundary layer as well as the misorientation of adjacent grains, the grain boundary can act as barrier, which
hinders the material flow and dislocation movement.
In this study, a well-defined gradient crystal plasticity model incorporating boundary layer phenomena is
employed to study the mechanical response of a 2D bicrystal sample under uniaxial loading [1, 2]. The
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constitutive model is an extended description based on the microscopic force balance and thermodynamic
laws. The interaction between grain and grain boundary is described by introducing a burger vector field on
the boundary layer. Free energy for boundary layer is defined as a function of this vector field. In the bulk
grain, free energy comprises: a hyperelastic description for compressible material and a function of
dislocation densities via Peach–Koehler forces conjugate to corresponding glide directions. A non-local
plastic flow rule in the form of partial differential equation is introduced.
In terms of numerical solution, the constitutive model is implemented in the FEM software ABAQUS via a
user-defined element subroutine (UEL). A plain-strain quadratic-element (8-node element with 9 integration
points) in which displacement components and dislocation densities were treated as nodal degrees of
freedom is defined (Global variable). The flow rule is applied to the integration points and solved to obtain the
plastic flow in each slip system via Newton-Raphson scheme (Local variable).
As verification, the experimental results provided from a uniaxial loading on a thin sheet bicrystal sample
are compared with the numerical results.
1. Gurtin, M.E., A theory of grain boundaries that accounts automatically for grain misorientation and grainboundary orientation. Journal of the Mechanics and Physics of Solids, 2008. 56(2): p. 640-662.
2. Gurtin, M.E., A finite-deformation, gradient theory of single-crystal plasticity with free energy dependent on
densities of geometrically necessary dislocations. International Journal of Plasticity, 2008. 24(4): p. 702-725.
Session 5: 10:30 – 12:00
Blum Hall 100 – Micro- and Nano-Scale Modeling of hcp Alloys / Atomistic to Continuum Mechanics
Materials Behavior from First Principles: Atomic-Scale Investigation of Deformation Mechanisms in
Mg Alloys
Maryam Ghazisaeidi, Ohio State University
Mechanical properties of materials are governed by the underlying deformation mechanisms at the atomic
length scale. The focus of this talk is to present methods of studying defects and deformation in magnesium
and its alloys. Mg alloys have excellent strength to weight ratio but their use is limited by their poor roomtemperature formability. The underlying hexagonal closed packed structure results in a highly anisotropic
deformation; basal deformation is easily activated while high stresses are required to accommodate the
deformation along ⟨c⟩ axis. We study the atomic-scale mechanisms of Mg non-basal deformation modes
that involve ⟨c + a⟩ slip and twinning. Our study includes two aspects: accurate modeling of defect
structures with first principles calculations and quantifying the solute effects. The core structures of <c+a>
edge and screw dislocations in Mg are computed using density functional theory (DFT). Both types
dissociate into two 1/2<c+a> partials on the second-order pyramidal planes. We show that previous <c+a>
core structures based on embedded-atom method (EAM) are artifacts of the interatomic potentials and are
not accurate. The DFT core structures are used for further investigation of Y solute effects on dislocation
cores.
In addition, solute strengthening of twin dislocation motion along an existing twin boundary in Mg-X (X=Al,
Zn) is investigated using a new Labusch-type weak pinning model. New features emerge in the application of
the model because of the very small Burgers vector of the twin dislocation. The strengthening is not large, for
instance a strength of ≈ 10 MPa is predicted for the AZ31 alloy, but the analysis does predict larger
strengthening of twinning compared to basal slip at room temperature and various concentrations. The
predictions are compared with existing experimental data and are shown to agree well with the experiments.
The methods discussed here, can be applied to a wide range of defect calculations with chemistry change,
guiding towards a well-informed design of materials on an accurate foundation.
Discrete Dislocation and Crystal Plasticity Analyses of Load Shedding in Polycrystalline Titanium
Alloys
Zebang Zheng, Daniel Balint, Fionn Dunne, Imperial College London
Dwell sensitive fatigue of hexagonal closed packed (HCP) materials has been a concern to military and
commercial aircraft engines for over 40 years. Discrete dislocation and crystal plasticity models have been
developed in an attempt to study the load shedding phenomenon under dwell loading conditions. Load
shedding was found to be sensitive to a very particular combination of crystallographic orientations, referred
to as a rogue grain combination: a favourably oriented (soft) grain adjacent to a (hard) grain that is oriented
with its c-axis parallel to the loading direction. In order to accurately capture the local stress and strain
evolution during load shedding, the crystal plasticity model was used to simulate normal-fatigue loading and
dwell-fatigue loading for both stress and strain control. When the strain was held at the peak value, a stress
drop was observed due to creep. On the contrary, when the stress was held at the peak value, the stress
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peak became considerably higher than at the beginning of the stress hold, and much higher than the applied
stress. Furthermore, the residual stress after dwell fatigue loading was found to be much higher compared to
a normal loading condition. To capture critical microstructural features such as the effects of grain size,
shape and orientation, a discrete dislocation plasticity model was used to simulate the problem under
conditions identical to those of the crystal plasticity model. A similar load shedding phenomenon was
observed, and the simulations showed that the peak stress increase after the dwell was caused by
dislocation pile-ups at the soft-hard grain boundary. The evolution of dislocation density around the grain
boundary was quantified during the loading process. In addition, the effect of grain morphology was studied
within a hard-soft bicrystal model. The results reveal that there is a crystallographic-morphologic interaction:
when the angle of the grain boundary with respect to the normal to the loading is small enough, slip
penetration from the soft grain into the hard grain is possible.
MD Simulation of the Deformation and Fracture Mechanism of hcp Titanium Under Fatigue
1
1
1
2
3
Dongsheng Xu , Hao Wang , Rui Yang , Aijun Huang , David Rugg ,
1
2
Institute of Metal Research, Chinese Academy of Sciences, Baosteel Co. Ltd., 3Rolls-Royce
Titanium alloys are widely used in aviation, aerospace and chemical industry due to their high strength, low
density and excellent corrosion resistance. The high temperature titanium alloys for jet engine components
usually have hcp as the major phase. However, since the large scattering of service life found in the 1970s,
conservative design is employed thereafter, which severely influences the fuel efficiency of engines. Deeper
understanding is needed for new alloy and processing design, to achieve more precise control of fatigue life.
Multi-scale simulations have been carried out in the author’s group to understand the deformation and
microstructure evolution during deformation and phase transformation, with a view to understand the
microstructure factors affecting fatigue and find a way of improving the microstructure. In the present talk,
large scale MD simulations were carried out to simulate the deformation behavior of titanium alloy, with
emphasis on the understanding of the atomic mechanism controlling the deformation, defect accumulation
and crack nucleation during fatigue. Dislocation core analysis shows that screw dislocations in hcp Ti may
have different dissociations, favoring either basal or prism slip, depending on the stress condition. The
dislocations in nearby slip planes with opposite Burgers vectors attract each other forming dipoles, and
become difficult to break after that. The breaking stress increases quickly as dipole height decreases, in
agreement with the elastic estimation, but very low dipole has much higher breaking stress due to
reconstruction. Point defects form and accumulate in the lattice after dipole reaction. The lattice strength is
decreased substantially when large amount of dislocations and point defects exist. Both the dipolar
interaction within the same slip system and the cutting of dislocations from different slip systems reduce the
number of mobile dislocations, and cause the hardening of the slip system, with dipolar reaction most
effective for dislocation on nearby slip planes, while cutting of forest dislocations persists in longer range.
The effects of adding different levels of Al into Ti on the dislocation behavior will be discussed. Interaction
between dislocation and GB of various types during deformation are studied. The impacting of dislocation to
GB may induce dislocation or twin nucleation, or crack nucleation depending on the loading condition. A new
deformation mechanism involving lattice reorientation is found on the basis of the MD simulation.
Physics-Based Crystal Plasticity FE Models for Predicting Deformation and Twinning in
Polycrystalline Magnesium Alloys
Somnath Ghosh, J. Cheng, Johns Hopkins University
Modeling micro-twins evolution for magnesium alloys in crystal plasticity finite element (CPFE) analysis is a
very challenging enterprise. The underlying physics involves complex interactions among evolving twin
bands, grain boundaries and accumulated dislocation patterns. These mechanisms are sensitive to
microstructures, e.g., non-uniform distributions of grain size, shape, grain crystallographic orientations and
grain boundary misorientation. This presentation will develop a novel system of experimentally validated
physics-based CPFE models to predict deformation and micro-twinning leading to crack nucleation in Mg
alloys, viz. AZ31. It will start from statistically equivalent 3D virtual microstructure reconstruction by matching
morphological and crystallographic statistics with electron back-scattered diffraction (EBSD) data obtained
from FIB-based serial sectioning experiments on the AZ31 alloy. CPFE analysis of the statistically equivalent
representative volume element (SERVE) is subsequently conducted using a model in which crystallographic
slip incorporates both the hardening effect from the evolution of statistical stored dislocations (SSD) and
geometrically necessary dislocations (GND) at grain boundaries driven by plastic incompatibility. The
constitutive model, calibrated from pure Mg single crystal experimental data under various loading
conditions, is effective in projecting strong material anisotropy in hcp crystals. A twin nucleation criterion is
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developed in terms of of the self-energy of sessile ⟨c + a⟩ dislocations and self-energies of the twin partial
and stair-rod dislocation. The CPFE simulation results shows very good quantitative agreement with EBSDFIB observations of twin formations, and adequately captures the heterogeneities of twin nucleation. The
micro-twin propagation is known to follow a mixed shear-shuffling process. A non-local twin propagation
model is developed based on the assumption that the movement of twin partial dislocations cannot proceed
under applied stress until the energy of pseudo-twin configuration is reduced by thermal-activated atomic
shuffling procedure. Model validation with experiments show good overall performance of the model.
Analysis of Spurious Image Forces in Atomistic Simulations of Dislocations
Ben Szajewski1, William Curtin2, 1Brown University, 2EPFL
Molecular Dynamics simulations of dislocation/obstacle interactions are enhancing our physical
understanding of plasticity. However, despite increasing computational power, the interaction between
simulation cell boundaries and the long ranged fields of dislocations make spurious image effects
unavoidable. We present a detailed examination of these image effects, providing a general map of the
spurious image stress as a function of simulation cell size, aspect ratio, and bow-out for both nominally edge
and screw dislocations. This is achieved using an approximate image solution of the resulting boundary
value problem as well as an analytic model that captures most of the spurious image effects. A unique
simulation cell shape is found to minimize spurious image effects for a fixed simulation volume (i.e. fixed total
number of atoms) and specified initial dislocation line length. The results are used to estimate image stress
effects in various literature studies involving dislocation bow-out. For several of these studies a converged
result with respect to the simulation cell dimensions tested is shown to be due to a near-zero scaling of the
image stress with respect to the simulation cell dimensions used. Finally, a direct comparison is made
between a dislocation bow-out configuration under an applied load in a finite simulation cell and an imagefree multiscale simulation of the same problem and the difference is shown to be consistent with our
estimated image stresses. Overall, the results here provide guidance for both the development and
interpretation of quantitative Molecular Dynamics studies involving curved dislocation structures
Hearst 290 – Nonlinear Elasticity and Viscoelasticity
An Eulerian Constitutive Formulation of Anisotropic Viscoelastic Solids and Fluids
Ben Nadler1, Miles Rubin2, 1University of Victoria, 2Technion- Israel Institute of Technology
In this presentation an Eulerian constitutive formulation is proposed to describe the response of a group of
materials that includes anisotropic elastic, viscoelastic and perfectly plastic solids. Since the formulation is
Eulerian it is also applicable to anisotropic viscoelastic fluids as a special case. The material response is
assumed to be a composite of elastic and viscous parts. Evolution equation is proposed for a triad of vectors
that represent the stretches and orientations of material line elements in the elastic component. It is shown
that the elastic response is totally characterized by the functional form of the strain energy function and by
the current values of this triad of vectors, which are measurable in the current state of the material. It is
shown that the proposed Eulerian formulation removes unphysical arbitrariness of the choice of the
reference configuration in the standard formulation of constitutive equations for anisotropic elastic material.
In addition, a constitutive law and an evolution equation for an additional triad of vectors are also proposed to
characterize the anisotropy of the viscous component.
Variational Formulations for the Linear Viscoelastic Problem in the Time Domain
Ornella Mattei, Angelo Carini, Università degli Studi di Brescia
Under the assumption of small displacements and strains, we formulate new variational principles for the
linear viscoelastic hereditary problem, extending the well-known Hu-Washizu, Hellinger-Reissner, Total
Potential Energy, and Complementary Energy principles related to the purely elastic problem. Besides the
aforementioned principles, of the variational type, a new global minimum formulation is derived, following
some energetic arguments.
The new formulations are all based on a convolutive bilinear form of the Stieltjes type in the time variable
and on the division of the time domain into two subintervals of equal length, with the resulting doubling of the
unknowns (displacement, strain and stress fields) and the consequent decomposition of the equations
governing the problem (constitutive law, balance and compatibility equations). Accordingly, the constitutive
law operator is split into sub-operators (each of which acts on either the first or the second time subdomain),
arranged into a two-by-two matrix that is symmetric with respect to the chosen bilinear form of the
convolutive type in the time variable. On the main diagonal, we have two operators: one is null and the other
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proves to be positive semi-definite, since the related quadratic form physically represents a free energy, nonnegative by virtue of the results obtained in the thermodynamics field. If the relaxation tensor is completely
monotonic (assumption often used in literature), then such a sub-operator proves to be positive definite.
Nevertheless, the quadratic convolutive form associated to the whole constitutive law is not convex (due to
the presence of the null operator on the main diagonal of the constitutive law operator) but, applying a partial
Legendre transform, it is possible to reformulate the constitutive law so that the associated quadratic form is
convex. This is a well-known technique, used also by Cherkaev and Gibiansky [(1994) J. Math. Phys. 35,
127-145] for the viscoelastic problem in the frequency domain. The resulting minimum formulation
associated to the reformulated constitutive law allows one to seek bounds of the mechanical properties of a
composite material, with viscoelastic phases. Such inequalities are formally similar to those obtained by
Cherkaev and Gibiansky [(1994) J. Math. Phys. 35, 127-145] in the frequency domain.
A Study of Two Dimensional Torsional Deformation and “Sheet-Pulling” for a Non-Linear Rate-Type
Viscoelastic Materials
Vignesh Kumar Devendiran, Krishna Kannan, Parag Ravindran,
Indian Institute of Technology Madras
Recently, a general thermodynamical framework for a new class of rate-type of viscoelastic materials was
proposed by Rajagopal [Rajagopal, K.R., Srinivasa, A.R., A thermodynamic frame work for rate type fluid
models. J. Non newton. Fluid Mech, 2000)]. We study two different initial-boundary value problems (two
dimensional) involving a non-linear viscoelastic solid and a liquid of the rate-type derived using Rajagopal
and Srinivasa’s framework. The current work is motivated by the possibility of secondary flows in a non-linear
viscoelastic fluid under torsional loading and also tries to answer under what conditions the usual
assumptions of one-dimensional torsional motion can be assumed, wherein the secondary flows are
neglected. We also study the non-linear response of a viscoelastic solid sheet under one-directional loading.
The constitutive equations are derived by assuming suitable representations for the stored energy function
and the rate of dissipation function, and the evolution equation for the natural configuration by maximizing
the rate of dissipation function. One can show that the constitutive equation along with the evolution equation
resembles the non-linear rate-type viscoelastic models. The governing equations for the two-dimensional axisymmetric torsional deformation and sheet-pulling problem are obtained using the derived non-linear
viscoelastic fluid and solid constitutive equations, respectively. These governing equations are input in
Comsol by using the PDE-interface and employing the Arbitrary-Lagrangian-Eulerian (ALE) method to solve
the specialized governing equations. The simulations are validated using the available experimental data.
On the Thermodynamics of Viscoelastic Models of Convolution Type at Large Deformations
Christoph Naumann, Jörn Ihlemann, Technische Universität Chemnitz
In (Simo, 1987), a viscoelastic model is defined which generalizes small strain linear viscoelasticity to the
nonlinear case. In this model, the second Piola-Kirchhoff stress is defined by a linear rate equation such that
the time derivative of the stress depends on the time derivative of an elastic basic stress and a relaxation
term proportional to the stress itself. It can be shown, that the stress of this model can be expressed in a
convolution form. In (Haupt & Lion, 2002), the thermomechanical consistency is shown for a similar model
which can be seen as the generalization of the Mooney-Rivlin model to viscoelasticity. However, to the
authors knowledge, the thermomechanical consistency of these viscoelastic models has not been proven yet
for general elastic basic stresses.
In this work, constraints concerning the free energy of the basic elastic stress are derived, which imply
thermomechanical consistency of the viscoelastic model. To this end, a free energy functional is proposed
which yields the desired stress and a positive dissipation for all admissible thermomechanical processes
after exploiting the Clausius-Duhem inequality. The findings for the general compressible case are used to
derive conditions for the thermomechanical consistency in the incompressible case. It is shown, that this
approach enables the construction of viscoelastic models based on a large class of hyperelastic basic
models (e.g. models of Ogden-type).
These findings are then generalized to the non-isothermal case. Conditions for thermomechanical
consistency are derived for models where stress and entropy are functionals of the deformation and
temperature history. Recently, it was observed that the usage of a convolution type model yields energy
accumulation in the simulation of a spinning viscoelastic cylinder (Govindjee et.al. 2014). It can be shown,
that the elastic basic model used therein does not satisfy the derived conditions which imply
thermomechanical consistency. The resulting viscoelastic model may therefore be indeed
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thermomechanically inconsistent.
Govindjee, S., Potter, T., & Wilkening, J. (2014). Dynamic stability of spinning viscoelastic cylinders at finite
deformation. International Journal of Solids and Structures, 51(21-22), 3589–3603.
Haupt, P., & Lion, A. (2002). On finite linear viscoelasticity of incompressible isotropic materials. Acta
Mechanica, 159(1-4), 87–124.
Simo, J. C. (1987). On a fully three-dimensional finite-strain viscoelastic damage model: Formulation and
computational aspects. Computer Methods in Applied Mechanics and Engineering, 60(2), 153–173.
Dislocation Mechanism of Microstructural Changes in Ductile Single Crystals
Khanh Chau Le, Ruhr-University Bochum
The present paper considers two problems: i) martensitic phase transition involving dislocations, ii) formation
of grain boundaries during severe plastic deformations. Both problems turn out to be non-convex variational
problems of energy minimization that will be solved within the continuum dislocation theory (CDT). In the first
problem it will be shown that the co-existence of phases having piecewise constant plastic slip in laminates is
possible for the two-well free energy density. The jumps of the plastic slip across the phase interfaces
determine the surface dislocation densities at those incoherent boundaries. The number of phase interfaces
should be determined by comparing the energy of dislocation arrays and the relaxed energy minimized
among uniform plastic slips. In the second problem we interpret the grain boundary as surfaces of weak
discontinuity in placement but strong discontinuity in plastic slip. The set of governing equations and jump
conditions are derived for the energy minimizers admitting such surfaces of discontinuity from the variational
principle. By constructing energy minimizing sequences having piecewise constant plastic and elastic
deformation in two examples of ductile single crystals deforming in plane strain simple shear or uniaxial
compression, it is shown that the formation of lamellae structure with grain boundaries is energetically
preferable. The number of lamellae is estimated by minimizing the energy of grain boundaries plus the
energy of boundary layers.
Shear Band Formation in Ductile Single Crystals under Compression
Michael Koster, Khanh Chau Le, Binh Duong Nguyen, Ruhr University Bochum
This presentation is concerned with the formation of grain boundaries in single crystals. From experiments
producing large deformations, like equal-channel angular pressing (ECAP) the formation of grain boundaries
in crystals can be observed. Our aim is to propose a model, which is capable of predicting this phenomenon.
Plastic deformation of crystals is possible due to the movement and generation of dislocations in the
material's crystal lattice. The kinematics related to these deformations is based on the nonlinear continuum
dislocation theory (CDT). To model the formation of sub-grain boundaries all necessary equilibrium
conditions are derived for a single crystal containing a surface of discontinuity, which is interpreted as a grain
boundary, using the variational principle of minimum of the energy. Two novel equations are presented,
where the first one can be interpreted as the equilibrium of micro-forces acting on dislocations. The second
equation represents a thermodynamic condition that ensures that the driving force acting on grain
boundaries vanishes, preventing movement of grain boundaries in the crystal. To illustrate how the derived
set of equations can be used to model shear band formation, the case of 3D compression of a single crystal
is investigated. It is shown that the proposed energy density function of the material exhibits non-convex
behavior, indicating that there are states that allow for a laminate structure formation in the material in order
to lower the energy of the crystal. This is accomplished by constructing an energy minimizing sequence
mixing two energy states.
A Continuum Model for Dislocation Dynamics in Three Dimensions and Applications to Micro-Pillars
Yang Xiang, Yichao Zhu, Hong Kong University of Science and Technology
We present a dislocation-based three-dimensional continuum model to study the plastic behaviors of
crystalline materials with physical dimensions ranging from the order of microns to submillimeters. The
developed continuum model provides not only a proper summary of the underlying discrete dislocation
dynamics, but also a realization of the classical continuous plasticity theories in the context of dislocation
dynamics. In the continuum model here, the dislocation substructures are represented by two families of
dislocation density potential functions (DDPFs), denoted by φ and ψ. The slip planes of dislocations are thus
characterized by the contour surfaces of ψ, while the dislocation curves on each slip plane are identified by
the contour curves of φ on that plane. By adopting such way in representing the dislocation substructures,
the geometries and the density distribution of the dislocation ensembles can be simply expressed in terms of
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the spatial derivatives of the DDPFs. More importantly, one can use the DDPFs to explicitly write down an
evolutionary system of equations, which is shown to be an result of the upscaling of the underlying discrete
dislocation dynamics. The derived system includes i) a constitutive stress rule, which describes how the
internal stress field is determined in the presence of the dislocation networks and applied loads; ii) a plastic
flow rule, which describes how the motion of the dislocation ensemble is driven by the existing stress field.
The derived continuum model using the DDPFs are validated through comparisons with the discrete
dislocation dynamical simulation and experimental results. As an application of the derived model, the
“smaller-being-stronger” size effect observed in the uniaxial compression tests of single-crystalline
micropillars is studied and an explicit formula between the flow stress and the pillar size D is derived. The
obtained formula shows excellent agreement with the experimental observations and it suggests that the flow
stress scales with the pillar size by log(D)/D.
Analysis of Plane Strain Deformation of Aluminum Single Crystals using Continuum Dislocation
Theory
Christian Bert Silbermann1, Jorn Ihlemann1, Chau Khanh2, Matthias Baitsch3,
1
2
3
Technische Universität Chemnitz, Ruhr-Universität Bochum, Hochschule Bochum
In order to simulate the mechanical behavior of metals with dislocation cells under load path changes, a
model was developed in [1] which operates with scalar dislocation densities. However, a desired validation of
crucial model assumptions as well as a reasonable estimation of introduced microstructural material
parameters requires a lower scale theory. An appropriate means is the Continuum Dislocation theory (CDT)
[2] which relates macroscopic plastic deformation with the presence of Geometrically Necessary Dislocations
(GNDs). Within CDT, the dislocation density tensor is a thermodynamic state variable, which reflects
tensorial dislocation properties and allows the consideration of large dislocation ensembles. The
thermodynamically consistent CDT of Le [3,4] captures both the strain energy of the
deformed crystal and the elastic energy of dislocations plus the dissipation of energy due to dislocation
motion. This enables the analysis of dislocation structures during plastic deformation. For such analysis, the
FEM code of Baitsch [5] is used and simulation results of elementary two-dimensional deformation
processes are presented. In addition to homogeneous tests such as tension and simple shear, bending is
also considered and compared to analytical results [4]. Special attention is put on the effect of timedependent boundary conditions in order to simulate load path change as well as the effect of dissipation on
the resulting dislocation structures.
[1] Silbermann C.B., Shutov A.V., Ihlemann J.: Modeling the evolution of dislocation populations under nonproportional loading, International Journal of Plasticity 55, 2014, 58–79.
[2] Bilby, B.A., Gardner, L.R.T., Stroh, A.N: Continuous distributions of dislocations and the theory of
plasticity, Proc. XIth ICTAM 8, 1957, 35–44.
[3] Le, K.C., Sembiring P.: Analytical solution of plane constrained shear problem for single crystals within
continuum dislocation theory, Archive of Applied Mechanics 78, 2008, 587–597.
[4] Le, K.C., Nguyen, Q.S.: On bending of single crystal beam with continuously
distributed dislocations, International Journal of Plasticity 48, 2013, 152–167.
[5] Le, K.C., Baitsch, M., Tranc, T.M.: Evolution of dislocation structure during indentation, to be published.
Sibley Auditorium – Multiscale Modeling
Multiscale Modeling of Hierarchical Microstructures: a Framework for Laminated Morphologies
Applied to Martensitic Steels
Francesco Maresca, Varvara Kouznetsova, Marc Geers, Eindhoven University of Technology
A broad class of materials, like metals and polymers, exhibit hierarchical microstructures. In the specific case
of martensitic steels, lath martensite grains have a well defined internal (crystalline) hierarchical substructure,
i.e. packets, blocks, laths. Thin layers of retained austenite may also be present between the laths. They
form parallel stacks together with the laths, which result in laminated microstructures.
We have recently shown, by using standard crystal plasticity, that the presence of very small volume
fractions (5%) of interlath austenite can explain the apparent ductility of martensitic subgrains. The austenite
acts like a “greasy” plane on which stiffer laths can slide. The role of the orientation relationship between the
BCC laths and FCC austenite layers is fundamental.
By means of an upscaling technique, we have validated the model with experimental results on a martensitic
steel. We have shown that, by accounting for the presence of interlath austenite, the main features of the
experimentally observed deformation behavior (stress-strain curve, slip activity and roughness pattern) are
qualitatively well reproduced by the model. By neglecting the presence of interlath austenite, the observed
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experimental stress-strain response is not captured.
The two-scale model used is computationally too expensive. Furthermore, just a limited number of slip
systems in the austenite carry most of the plastic deformation, i.e. those parallel to the direction of the
laminate. This calls for a reduction of the model. We have formulated a framework, in the finite deformation
setting, which is suitable when a limited number of slip systems is active and some plasticity occurs along
the remaining spatial directions. We couple crystal plasticity and isotropic plasticity formulations by means of
a projector operator. In the limit of no active slip systems, isotropic plasticity is recovered, while standard
crystal plasticity is obtained when five linearly independent slip systems are active.
The model has been validated on the results obtained with the fully resolved model. The main features of
the physics (i.e. stress-strain response and plasticity) are correctly reproduced with computational speed-ups
up to a factor of 10. This allows to use the model for RVE's with multiple martensitic islands.
On top of martensitic microstructures, this framework can be applied to the modelling of metals and
polymers in which plasticity is constrained to occur along preferential directions or slip systems, due to the
specific crystalline nature of the materials or due to the morphology of the crystal itself, like in laminated
microstructures.
Self-Consistent Modelling of Heterogeneous Materials with an Elastic-Viscoplastic Behavior:
Application to Polycrystals
Charles Mareau1, Stéphane Berbenni2, 1Arts et Métiers ParisTech-LAMPA, 2LEM3-CNRS
The self-consistent scheme is a common homogenization method that was developed to connect local
deformation mechanisms to the overall behavior of heterogeneous disordered materials. In the past
decades, many efforts have been made to obtain extensions of the self-consistent approximation to the nonlinear case. This work focuses on the specific case of heterogeneous materials with an elastic-viscoplastic
behavior. For such materials, the overall behavior is strongly dependent on the space-time couplings
originating from the differential form of the local constitutive law. Different approaches have thus been
developed to describe the impact of such complex couplings on the overall behavior.
In the present work, an internal variable self-consistent model for heterogeneous materials with an elasticviscoplastic behavior is proposed. In order to obtain the stress and strain concentration relations, the first
step consists of linearizing the viscoplastic flow rule using an affine procedure. The introduction of the
homogeneous reference media with either a purely elastic or a purely viscoplastic behavior allows for writing
the heterogeneous problem in the form of an integral equation. The purely thermoelastic and purely
viscoplastic heterogeneous problems are then solved independently. Such solutions provide some strain and
stress fields verifying compatibility and equilibrium conditions. Using the specific properties of the Green
operators associated with the homogeneous reference media toward these fields, the solutions of the purely
thermoelastic and purely viscoplastic heterogeneous problems are combined to obtain the final selfconsistent approximation of the integral equation.
Some applications concerning polycrystalline materials are finally presented. To demonstrate the relevance
of the proposed affine formulation, it is compared to the secant formulation of Paquin et al. (1999) and to the
FFT spectral method, which provides reference results. When compared to the reference solutions, a good
description of the overall response of heterogeneous materials is obtained with the proposed affine
formulation even when the viscoplastic flow rule is highly non-linear. Also, the examination of the local stress
and strain fields shows that, in comparison with the secant formulation, the interactions between the different
grains are much better described with the affine formulation. Thanks to this approach, which is entirely
formulated in the real-time space, the present model can be used for studying the response of
heterogeneous materials submitted to complex thermo-mechanical loading paths with a good numerical
efficiency.
Analytical Extension of the (n+1)-phase Model to Non-Linear Behavior
Eveline Hervé-Luanco, University of Versailles saint Quentin en Yvelines and Centre des Matériaux, Ecole
des Mines, Paris
This lecture proposes a procedure to predict the overall behavior of nonlinear n-layered inclusion-reinforced
materials from the behavior of their constituents. For that purpose, the homogenization technique relies on
the concept of Morphologically Representative Pattern (M.R.P) ([1]). The M.R.P used in this particular case
of composites is a n-phase composite sphere. The modified method based on the second-order moment of
the strain field is used ([2]). The main point of this work is the derivation of second-order moment of the strain
field in the particular case of the Generalized Self Consistent Scheme named (n+1)-phase model ([3]).
Hervé and Zaoui ([3]) have proposed to solve the n-layered spherical problem by using "transfer matrices".

	
  

45	
  

4th	
  International	
  Conference	
  on	
  Material	
  Modeling;	
  May	
  27-‐29,	
  2015;	
  Berkeley,	
  California,	
  USA	
  
	
  

These "transfer matrices" have been introduced in a "self-consistent" condition to exhibit the effective
behavior of such composites. In order to be able to use this (n+1)-phase model in the case of constituents
with nonlinear behavior the (n+1)-phase model needs to be revisited. For that purpose the transfer matrices
have been here first expressed in terms of the bulk and shear moduli of the different phases and next the
(n+1)-phase model is shown to be a linear theory that provides the derivatives of the overall stiffness of the
composite with respect to the bulk and shear moduli of the different phases. The theory has been specifically
developed to be able to deal with incompressible phases or with voids.
The modified secant method based on the second order moment of the strain field is then used. For that
purpose, the derivatives of the overall stiffness of the composite previously determined by the (n+1)-phase
model are used to compute the second order moments of the strain field in each phase. Finally, the
resolution of n nonlinear problems leads to the overall stress-strain relation. We will present some
applications where the deformation theory of plasticity applies, assuming that the local deviatoric stress
evolves in a proportional and monotonic way.
[1] Bornert, M. and Stolz, C. and Zaoui, A. (1996) , Morphologically representative pattern-based bounding in
elasticity, J. Mech. Phys. Sol., vol. 44
[2 Ed Suquet, P. (1997), Continuum Micromechanics, vol 377, CISM Courses and lectures, publisher
Springer Verlag
[3] Herv\'e, E. and Zaoui, A. (1993), n-Layered inclusion-based micromechanical modelling, Int. J. of Engng
Science, vol 31
Viscoelasticity of Nano-platelets Reinforced Polymer: Micromechanical Modeling and Microstructural
Investigation
Ludovic Cauvin, Fahmi Bedoui, Pierre Gelineau,
Sorbonne Universités, Université de technologie de Compiègne
This study intended to predict the viscoelastic behavior of nano-reinforced polymers using multi-scale
modeling approach. Multi-scale sensitive experimental techniques were combined to micro-mechanical
models to estimate the visco-elastic properties of nano-clay reinforced polymer. Model’s input data were
derived from multi-length scale experimental techniques. Transmission Electron Microscopy (TEM)
observations were conducted to investigate the nano-clay distribution in the material. X-Ray observations
were used to identify the intercalation or exfoliation state of the nano-clay platelets within the matrix. The use
of different observations techniques (TEM, XRD) allows building a length-scale sensitive characterization of
nano-composites. Dynamic mechanical analysis was used to quantify the effect of nano-platelets on the
macroscopic viscoelastic properties. The measured parameters (platelets shape and distribution, aggregate
size in the case of intercalated microstructure and its related d-spacing between platelets) were used to
better describe the material microstructure. Two micromechanical modeling approaches were combined to
better predict the macroscopic viscoelastic behavior. Hybrid models [1] which were first used to predict
semic-crystalline polymers as an aggregate of bi-layered sandwiches were combined with the PonteCastañeda and Willis Bounds [2] to better represent the specific morphology of nano-platelets reinforced
polymers. In previous studies [3, 4, 5], we tested this combination in the context of elasticity. In this paper we
extended the developed models to the viscoelastic domain based on the Laplace-Carson transform. Results
of the predictions of the homogeneous visco-elastic behavior are compared to the experimental data
measured on the studied materials. The presented approach lead to good predictions of the visco-elastic
behavior compared to the experimental data.
[1] van Dommelen, J., Parks, D., and Boyce, M. (2003). Micromechanical modeling of the elasto-viscoplastic
behavior of semi-crystalline polymers. Journal of Mechanics and Physics of Solids, 51:519-541.
[2] Ponte Castañeda, P. and Willis, J. (1995). The effect of spatial distribution on the effective behavior of
composite materials and cracked media. Journal of Mechanics and Physics of solids, 43:1919-1951.
[3] F. Bédoui and L. Cauvin, Elastic properties prediction of nano-clay reinforced polymers using hybrid
micromechanical models, Computational Materials Science, Volume 65, 2012, Pages 309–314.
[4] Gelineau, P., Cauvin, L., Bédoui, F. (2014). Elastic properties prediction of nano-clay reinforced polymer
using multi-scale modeling part I: Morphological representation and modeling. Submitted to Mechanics of
Materials.
[5] Gelineau, P., M. Stḙpień, Cauvin, L., Bédoui, F. (2014). Elastic properties prediction of nano-clay
reinforced polymer using multi-scale modeling part II: experimental validation. Submitted to Mechanics of
Materials.
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Efficient Modelling of Random Heterogeneous Materials
Jan Novak, Brno University of Technology
We present an approach to modelling of random heterogeneous materials that generalizes the widely-used
periodic unit cell (PUC) scheme. Our approach employs the concept of Wang tiles, small parallelepipedic
domains with selectively compatible boundaries. Placing the tiles side by side while ensuring the
compatibility of the congruent boundaries allows to assemble portions of two or three dimensional domains.
The assembly procedure results either in strictly aperiodic or in stochastic realizations depending on the
nature of the tile set and tiling algorithm. Thus, with microstructure information attributed to each tile we can
reconstruct realizations of the compressed microstructure that are, unlike in the PUC case, stochastic and
exhibit significantly reduced long range order orientation artefacts inherent to periodic tilings.
We report on three distinct methods addressing the tile morphology design such that the reconstructed
microstructures resemble either the reference microstructure or its description in terms of spatial statistics.
The standard procedures usually employed to generate PUC morphology can be slightly modified to
incorporate the generalized periodic boundary conditions. First, we report on two of them, an optimization
technique based on simulated annealing for general microstructures and an approach based on molecular
dynamics for particulate media. However, with increasing cardinality of the tile set the optimization
techniques quickly become unfeasible. As a remedy, we present the third approach that combines
techniques of texture synthesis with statistical descriptors. Since it makes use of parts of the reference
microstructure appropriately fused together, the design of the tile morphology is fast once the optimal
parameters of the design related to a particular material are determined. We illustrate performance of the
algorithm with compression of four microstructures, both artificial and real-world.
Since the tiling produces random microstructure realizations of arbitrary size at negligible computational
cost, the concept can be advantageously used in numerical homogenization for generation of input
geometries. We also shortly comment on a possibility to assemble stress and strain field fluctuations, in a
manner similar to that we use for microstructures, which may be used as enrichment functions for
generalized or hybrid finite element methods.
Dai 250 – Strain Gradient and Nonclassical Approaches
A 3D Field Formulation and IGA Solutions to Point and Line Defects using Toupin’s Theory of
Gradient Elasticity at Finite Strain
Krishna Garikipati, Zhenlin Wang, Shiva Rudraraju, University of Michigan
We present a field formulation for point and line defects in three dimensions. Our formulation is posed in a
distributional framework that leads, in a straightforward manner, to numerical solutions with the standard
finite element method. For linearized elasticity, the numerical solutions are a perfect match to analytic
solutions. Importantly, they can be applied to completely general boundary value problems. Furthermore,
nonlinear elasticity presents no special challenge. Most importantly, we draw upon our recent work wherein
we presented the first three -dimensional solutions to general boundary value problems of Toupin's gradient
elasticity theory (Toupin, R.A., Arch. Rat. Mech. Anal., 11:26, 1962) at finite strains (Rudraraju, S. et al.,
Comp. Meth. App. Mech. Engrg., 278:705, 2014). In it the higher-order continuity requirement on basis
functions, which is imposed by strain gradient elasticity, has been met by adopting the isogeometric analytic
framework. By combining this work with the distributional description of defects, we are able to obtain, to the
best of our knowledge, the first three-dimensional numerical solutions to point and line defect fields using
Toupin's gradient elasticity at finite strains. These also, are obtained for general boundary value problems.
We use this framework to study full field point defect, edge and screw dislocation solutions in (1) linearized
elasticity, (2) nonlinear elasticity, and (3) nonlinear strain gradient elasticity. We also study defect interactions
in these three regimes.
Plastic Flow with Incoherent Interfaces and a Junction in a Tricrystal
Anup Basak, Anurag Gupta, Indian Institute of Technology Kanpur
Interfaces and junctions play a central role during plastic deformation in metals, specially when the average
size of the grains (phases) is less than 100 nanometers. The plastic deformation of the bulk is coupled to the
moving interfaces and junctions as well as to the intrinsic plastic evolution at the interface. For example,
dislocations from the bulk can get impinged on to the interface or the intrinsic dislocations at the interface
can dissociate into bulk dislocations. Accumulation of dislocations in the vicinity of the interface provides
hardening to the plastic flow. On the other hand, interfaces and junctions can move significantly led by
various driving forces such as interfacial capillary forces, jump in the bulk Eshelby tensor, external stresses
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etc. Their motion when coupled with the bulk deformation can influence the overall plastic evolution of the
solid.
We use a thermodynamically consistent continuum theory of incoherent interfaces with junctions in
crystalline solids to study the plastic flow in a tricrystal arrangement consisting of three grains, three
interfaces, and one non-splitting junction. Assuming rate-independent plastic flow and isotropic material
response, both in the bulk and the interface, we derive associated flow rules positing maximum dissipation
principle. The flow stresses are taken to be dependent on both accumulated plastic strain and appropriate
measure of incoherency. The resulting theory will have two inherent length scales, one given by the size of
the individual grain and another by the density of defects. Additional kinetic relations governing interfacial
and junction dynamics are derived from the dissipation inequalities. All together, we have an initial-value
boundary-value problem governing the evolution of plasticity and interface/junction dynamics. We solve this
problem to investigate the effect of internal boundaries and the triple junction on the overall deformation of
the tricrystal arrangement. In particular, we study the influence of their mobilities on hardening and yield
strength of the bulk solid. We also study the evolution of incoherency at the interface and its effect on
interfacial and junction kinetics.
Implementation of Directional Distortional Hardening Models for Metal Plasticity
Jiří Plešek1, René Marek1, Zbyněk Hrubý1, Slavomír Parma1, Heidi P. Feigenbaum2, Yannis Dafalias3,4
1
Institute of Thermomechanics AS CR, v. v. i., 2Northern Arizona University, 3University of California at Davis,
4
National Technical University of Athens, Greece
Directional distortional hardening improves the prediction of kinematic-isotropic models by controlling the
shape of the elastic region, more specifically, increasing the curvature of its boundary at the frontal apex and
decreasing it on the opposite side. Its applicability lies in simulation of nonproportional loading trajectories
during which the elastic region experiences growing or decreasing distortion or even reorientation. This work
describes the procedure of implementation by alternative methods and tests their stability and efficiency.
Further discussion about the nature of the problems encountered, such as convexity and rate of evolution
are important for successful material modelling.
Study of Benefits and Limitations Linked to Implementation of Directional Distortional Hardening
Models
René Marek1,2, Jiří Plešek1, Zbyněk Hrubý1, Slavomír Parma1, Heidi P. Feigenbaum3, Yannis Dafalias4,
1
Institute of Thermomechanics AS CR, v. v. i., 2Academy of Sciences of the Czech Republic, 3University of
California at Davis, 4National Technical University of Athens, Greece
The presented work gives a deep insight into numerical implementation of several models of plasticity with
directional distortional hardening. This property reflects a well documented phenomenon of oriented shape
change of the elastic region during kinematic hardening. Special focus is put on the testing of stability of the
algorithms even for course subincrementation during internal evolution. By carefully examining high
resolution error maps, searching for image discontinuities and singularities, important general conclusions
are derived.
Modeling of Length Scale Dependent Deformation in Polymers – Experiments, Theory and
Simulations
Farid Alisafaei, Nitin Garg, Chung-Souk Han, University of Wyoming
Size dependent deformation has been experimentally observed at micro and submicron length scales in
various materials including metals and polymers. In metals, size dependent deformation is associated with
geometrically necessary dislocations arising from an increase in higher order displacement gradients related
to non-uniform plastic deformation. Similar to metals, size effect in polymers is also associated with an
increase in higher order displacement gradients with decreasing length scale. However, experimental
evidence provided here reveals that, in contrast to metals, these higher order displacement gradients and
subsequently size effect in polymers are significantly of elastic nature. Taking the effects of these elastic
higher order displacement gradients into account, a novel couple stress elasto-plasticity theory is developed
to predict the size effects in polymers with elasto-plastic deformation. Furthermore, based on the developed
couple stress elasto-plasticity theory, a finite element framework is presented where nodal rotations are
introduced as primary variables.
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A Comprehensive Investigation of Indentation Size Effects in F.C.C. and B.C.C. Single Crystals
1
1
1
2
Anish Roy , Qiang Liu , Vadim V. Silberschmidt , Murat Demiral
1
2
Loughborough University, University of Turkish Aeronautical Association
Indentation size effect (ISE) is investigated using crystal plasticity modeling for three types of metal single
crystals, namely F.C.C. copper, B.C.C. β-Ti-64 and β-Ti-15-3-3. The deformation behaviour of single crystals
is characterized by both conventional single crystal plasticity (SCP) model and mechanism-based strain
gradient crystal plasticity (MSGCP) model in order to characterise the influence of strain gradient in
indentation experiments. For each type of single crystal, both conical and spherical indenters are
incorporated during indentation simulation. The simulation results indicate that the feature of ISE is
significantly affected by indenter geometry, imposed gradient and the underlying material.
Indentation hardness is observed to decrease with depth for conical indenter but increases with depth for
spherical indenter in the range of small indentation depth. Moreover, ISE becomes pronounced due to the
presence of strain gradients. We observe that ISE of metal single crystals are determined by both the
transition of elastic to plastic deformation and the density variation of GNDs through a parametric study. The
two mechanisms responsible for ISE leads to the difference of ISE features between the crystalline
structures studied (F.C.C. and B.C.C.) as well as within the two types of Ti alloys which are both B.C.C. in
structure.
Session 6: 1:30 – 3:18
Blum Hall 100 – Polymeric Materials
Recent Developments in Natural Fiber Reinforced Composites
Pawan Kumar Rakesh1, Manoj Kumar Gupta2,
1
National Institute of Technology Uttarakhand, H.N.B. Garhwal University, India
Now days, the application of the natural fiber reinforced composites (NFRC) has been increased in the
various areas i.e. automobile, sports, structural applications, packaging, electrical and electronics items.
NFRC has good mechanical properties, low density, specific strength, biodegradability characteristics,
recyclability, eco-friendly and low cost. The different types of natural fibers are easily available in the
worldwide. The classification of natural fibers are stem fibers (silk, jute, rice husk, wheat straw, flax, hemp,
kenaf, ramie, and bamboo), leaf fibers (pineapple, banana, abaca, sisal, and sansevieria), fruit fibers (oil
palm, date palm, and coconut), wood fibers (kraft, hardwood, and pine wood saw dust), seed fibers (cotton
and kapok), feathers fiber and animal fibers (hair of goat, horse, sheep and camel). The different types of
fiber pattern can be used for example; uni-directional fibers, plain weave, stain weave, and twill weave, etc.
The selection of suitable fibers is determined by the following parameters i.e. fiber properties, adhesion of
the fiber and matrix, thermal stability, and dynamic behavior. The different types of matrix materials
(polypropylene, polyethylene, polystyrene, nylon, polyester, vinyl ester, epoxy, and polylactic acid) have
been used. The different types of manufacturing method are hand layup, resin transfer molding, compression
molding, injection molding, and pultrusion process. The fabrications of composites depend upon the matrix
and fiber materials, manufacturing technique, product geometry, processing time and cost. The aim of this
paper is to focus on the processing techniques, mechanical properties, and environmental conditions; that
will enhance the worldwide use of natural fiber reinforced composites.
Two-Level Homogenization of 3D Polypropylene Microstructures of an Injection Moulded Component
Gottfried Laschet1, Peter Hul1, Marcel Spekowius2,3, Christian Hopmann2,3, Roberto Spina4,
1
ACCESS e.V, 2Institute of Plastics Processing (IKV), 3RWTH Aachen University, 4Politecnico di Bari
Industrial plastic parts, made of semi-crystalline polypropylene, are often produced by injection moulding. In
this process the melt undergoes a complex deformation and cooling history which results in an
inhomogeneous distribution of spherulites in the component. These spherulites are built by a radial
arrangement of lamellae of crystalline and amorphous phases having the same chemical but different
physical properties. The different size and shape of the spherulites induce local variations of thermo-elastic
properties in the final part made of isotactic polypropylene (alpha-iPP).
Therefore, a 3D microscale model has been developed in order to predict the microstructure formation
during injection moulding. Based on a calculation of the Gibbs free energy nucleation probabilities are
calculated and converted to phase changes on the Representative Volume Element (RVE). The subsequent
growth process is computed via a path integration of the crystal growth front. This solidification model is
coupled to a conjugate heat and fluid flow simulation of the injection moulding process in order to get realistic
boundary conditions on the RVE. To analyse the influence of the cooling rate and melt deformation on the
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spherulite’s distribution, 3D microstructure simulations are performed at different locations over the
component thickness. To evaluate their effective mechanical properties a two-level homogenization scheme,
based on the asymptotic expansion method, has been developed. Two separated scales are considered: the
nano- and the micro-scale. At the nano-scale, the properties of the crystalline phase are deduced from
calculations of the deformation of a helical iPP chain. They present a pronounced anisotropic behaviour. The
amorphous phase is assumed to be in a rubbery state. In this study, not only the radial growing lamella of
amorphous and crystalline phases is homogenized, but also the “cross hatched” lamellar structure of alphaiPP. The impact on the effective lamellae properties of possible lamellae branching is determined firstly. The
spherulitical microstructure is then homogenized by assuming a 3D radial distribution of equivalent lamellae
around its mono-crystal centre. In the cross section to the radial direction the lamella orientation varies in
such a way that the effective thermo-elastic properties in this section are quasi-isotropic. Moreover, between
the individual spherulites of the RVE, an amorphous interface layer can be considered. The impact of this
interface on the effective properties of selected spherulite microstructures is discussed. Finally, the
application of the developed two-level homogenization scheme allows the prediction of the distribution
effective mechanical properties in the solidified component.
Viscous Mixing
Laurence Brassart1, Qihan Liu2, Zhigang Suo2,
1
Université Catholique de Louvain, 2Harvard University
A number of problems in materials science involve the migration of different species under a combination of
chemical and mechanical loads. Interdiffusion may in turn induce large, inelastic deformations when the
species have different molecular volumes and/or mobilities (e.g. the Kirkendall effect in metals). In this work
we revisit a general theory for interdiffusion and flow in binary mixtures within the framework of the
thermodynamics of irreversible processes, with a particular interest for polymer systems. An essential
ingredient of the theory is the use of the so-called marker velocity to define the material deformation rate.
The latter is related to stress and chemical potential by a generalized creep model. Following Darken (1948)
and Stephenson (1988), but contrary to the classical theory of mixtures, diffusion fluxes are prescribed
independently for each species. The theory is illustrated by solving boundary-value problems to illustrate the
different relaxation regimes resulting from the various kinetics at play. In the particular case where one
species diffuses negligibly, we show that mixing can be limited by the viscous relaxation of the system, rather
than by diffusion. This regime may be relevant to analyze the swelling behavior of physical gels at small
scales. Another relevant special case is that of a single species. Contrary to the classical Stokes equations,
our theory accounts for self-diffusion in addition to creep, and has an internal length. The theory is illustrated
in the context of fragile, supercooled liquids which exhibit dynamic heterogeneities involving domains of slow
and fast relaxation. On average, creep is dominated by the structural relaxation of the slow domains,
whereas the self-diffusion kinetics is governed by the existence of fast diffusion paths.
Modeling Tire Derived Material for Moderately Large Deformations
Giuseppe Montella1, Patrizio Neff2, Sanjay Govindjee3,
1
University of Naples 'Federico II', Italy; 2University of Duisburg-Essen, Germany; 3University of
Berkeley

California,

This work presents a novel strain energy function, based on the Hencky-logarithmic strain tensor, to model
the response of a new Tire Derived Material (TDM) undergoing moderately large deformations. TDM is a
composite made by cold forging a mix of rubber fibers and grains, obtained by grinding scrap tires, and
polyurethane binder. The mechanical properties are highly influenced by the presence of voids associated to
the granular composition and low tensile strength due to the weak connection at the grain-matrix interface.
For these reasons, TDM use is restricted to applications concerning a limited range of deformations. Shear,
compression and volumetric tests were performed on the material showing a stiffening behavior under
compression, hysteresis and strain rate sensitivity of the material. A central feature of the response is
connected to highly nonlinear behavior of the material under volumetric deformation which conventional
hyperelastic models fail in predicting. To further investigate this behavior, during the compression tests
optical measurement techniques were used for the measurement of displacement fields allowing to evaluate
the Poisson's coefficient in both the neighborhood of the undeformed state (linear Poisson's coefficient) and
for large deformation (nonlinear Poisson's coefficient). The strain energy function presented here is a variant
of the exponentiated Hencky strain energy proposed by Neff et al. (2014), which for moderate strains, is as
good as the quadratic Hencky model and in the large strain region it improves several important features
from a mathematical point of view. One of the advantages of using the proposed form of the exponentiated
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Hencky energy is that it possesses a set of parameters uniquely determined in the infinitesimal strain regime
and an orthogonal set of parameters to determine the nonlinear response that do not interfere with them.
The hyperelastic model is incorporated in a finite deformation viscoelasticty model based on the
multiplicative decomposition of the deformation gradient into elastic and inelastic parts. It utilizes a nonlinear
evolution equation as proposed by Reese and Govindjee (1998). Most of the parameters have a clear
physical meaning, we choose the ones suggested by the experimental tests and allowed by the
mathematical theory. The advantage is to overcome the difficulties related to finding a unique set of optimal
parameters that are usually encountered fitting polynomial forms of strain energies. Moreover, by comparing
the predictions from the proposed constitutive model with experimental data we conclude that the new
constitutive model gives good prediction.
A Stabilized Finite Element Formulation for Poroelasticity Models Undergoing Large Deformations
Andreas Krischok, Christian Linder, Stanford University
A major challenge in the analysis of poromechanics models is the numerical stability of mixed finite element
formulations. The additional pressure degree of freedom is known to exhibit spurious oscillations in the
incompressible limit for small time-steps and low permeabilities due to the violation of the inf-sup condition.
To cure these instabilities, researchers have developed several stabilization schemes. The most common
technique is the use of quadratic interpolations for the displacements and linear interpolations for the
pressure degrees of freedom which requires much higher computational resources. Many stabilization
procedures have been proposed to eliminate the spurious oscillations by maintaining low-order displacement
interpolations for small strain poromechanics problems but the finite deformation range is still a topic of
further investigation. Possible applications include polymeric materials such as hydrogels or biofilms but also
water-saturated soil with an incompressible matrix (e.g. marine clay) in the undrained limit or near the critical
state. Recently, a polynomial projection stabilization has been discussed in the finite deformation regime
[Sun, Ostien & Salinger 2013], where a stabilization term is adaptively adjusted to avoid over-diffusion and
an F-Bar approach with an additional stabilization parameter is employed to cure volumetric locking.
We propose a method, based on an enhanced assumed strain approach with additional incompatible
element modes to stabilize formulations in finite deformation poroelasticity. This enhancement is known to
exhibit zero-energy modes, characterized by hourglass patterns in the large deformation setting and has
hence been abandoned as a possible stabilization method for mixed-formulations [Pantuso & Bathe 1997].
We employ a reduced formulation of the enhancement and show that this formulation is free of hourglass
patterns, fully inf-sup stable and capable to account for volumetric locking without the necessity to use
additional parameters. The proposed finite element formulation is applicable to material models which
account for diffusion in an incompressible matrix undergoing large deformations such as the ones mentioned
above. To verify the stability of the proposed formulation, we investigate the behavior of polymeric gels in
swelling and indentation tests.
Hearst 290 – Nonlinear Elasticity and Viscoelasticity / Biomaterials
A Kinematical View of Parallel Transport Along a Curve on a Surface
James Casey, University of California, Berkeley
For a Riemannian manifold, Levi-Civita introduced a novel concept of parallelism in 1917. For curved
surfaces embedded in three-dimensional Euclidean space, this concept can be interpreted in various ways:
for example, geodesics may be employed or the envelope to the family of tangent planes along a surface
curve may be used. In this presentation, a kinematical interpretation is adopted. A special type of moving
frame, whose angular velocity is determined by the rate at which the tangent plane turns as one moves along
a given surface curve, is defined. Such a frame is called a Levi-Civita frame. Vectors and tensors which are
fixed on Levi-Civita frames are parallel transported. Covariant differentiation along a curve is shown to be
equivalent to the corotational rate measured on a Levi-Civita frame.
Simulation of a Needle Inserted into Liver
Hua Zou1, Zhuangjian Liu1, Yongwei Zhang1, Jiaze Wu2, Jiming Liu2,
1
Institute of High Performance Computing, Singapore, 2Singapore Bioimaging Consortium
During current minimally invasive interventions for liver tumors, e.g. core biopsy and radiofrequency ablation,
accurate placement of the needle tip into the target lesion is of utmost importance for successful diagnosis
and therapy on patients with liver cancer, especially since detected targets are getting smaller with increased
diagnostic performance. However, it is extremely difficult to precisely target the needle at expected region of
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the patient liver due to deformation and displacement of the liver, as well as the deflection of the flexible
needle during the insertion. An accurate model is thus necessary to generate the curved trajectory of needle
for training novice clinicians, or needle path planning.
In this research, a three-dimensional finite element (FE) model is developed to simulate the dynamic
analysis of needle insertion into the liver organ. The physical properties of a hog liver measured by
experiments are input into the Abaqus software as the material properties to ensure the reality of the model.
In order to avoid the severe distortion of meshes due to the large deformation and fracture, the liver is
discretized by the Eulerian mesh and an arbitrary Lagrangian-Eulerian method is employed for the
computation. The needle deflection is also calculated by the beam deflection formulae, which is used to
compare with the FE results to validate the accuracy of FE model. By using this model, the deflection of the
needle is predicted and analyzed before the insertion, thus it is useful for better path planning and more
precise needle control.
Crack Growth in Cortical Bone Tissue: X-FEM Modelling
Vadim V. Silberschmidt1, Mayao Wang1, Xing Gao1, Adel Abdel-Wahab1, Simin Li1,
2
2
2
Elizabeth A. Zimmermann , Christoph Riedel , Bjorn Busse ,
1
2
Loughborough University, University Medical Center Hamburg-Eppendorf
Bones play a key role in supporting a body and protecting internal organs. Obviously, bone fractures can
have serious consequences, especially in cases of age-related bone degeneration diseases such as
osteoporosis or bone diseases. Form a point of view of mechanics of materials, a cortical bone tissue can be
treated as a natural multi-constituent composite material. At micro-level, osteons are its main structural unit;
they contain central canals known as Haversian canals and are randomly distributed within the surrounding
interstitial matrix. A thin layer of cement line separates these two constituents. These randomly distributed
microstructural components of cortical bone define its heterogeneity and anisotropy that have a direct impact
on crack propagation during dynamic loading regime such as a traumatic fall or an accident.
It is well known that various factors (e.g. age, disease etc.) can lead to a loss of bone mineral density due to
unbalanced remodelling process, significantly affecting morphology of the underlying micro-structure
components. As a result, morphological characteristics of osteons in cortical bone are complicated and
varied in different groups. According to our previous studies on bone quality in young, aged, osteoporotic and
bisphosphonate-treated groups our findings demonstrate significant differences due to various geometrical
factors at the osteonal level of cortical bones. However, there is still no detailed investigation on the effects of
morphological characteristics on crack propagation, especially under dynamic loading conditions.
In this study, random distributions of the microstructure in cortical bone tissue representing young, aged,
osteoporotic and bisphosphonate-treated bone morphology were analysed using backscattered electron
microscopy. The obtained image data were parameterized based on the digital images and processed
employing a MATLAB programme, considering such features as positions, dimensions, orientations and
volume fractions of osteons and Haversian canals. Then, statistically representative models of osteonal
morphologies were developed and imported into finite-element software used to simulate crack propagation
in microstructured bone tissues; an extended finite-element method X-FEM was employed for this purpose.
Bernhard A, Milovanovic P, Zimmermann EA, Hahn M, Djonic D, Krause M, Breer S, Püschel K, Djuric M,
Amling M, Busse B. Micro-morphological properties of osteons reveal changes in cortical bone stability
during aging, osteoporosis, and bisphosphonate treatment in women, Osteoporos Int., 2013, Vol. 24(10), pp.
2671-80.
Li S, Abdel-Wahab A, Silberschmidt VV, Analysis of fracture processes in cortical bone tissue, Engng.
Fracture Mech., 2013, Vol. 110, pp. 448-458.
Li S, Abdel-Wahab A, Demirci E, Silberschmidt VV, Fracture process in cortical bone: X-FEM analysis of
microstructured models, Int. J. Fracture, 2013, Vol. 184(1), pp. 43-55.
Exploring Instabilities in Bi-Layered Structures with a Focus on Chronic Lung Disease
Mona Eskandari, Ali Javili, Christian Linder, Ellen Kuhl, Stanford University
Chronic lung disease, such as bronchitis and asthma, affects more than a quarter of the adult population;
yet, the mechanics of the airways are poorly understood. From a biological point of view, airway inflammation
triggers a gradual influx of cells, an inward folding of the airway wall, and progressive airflow obstruction.
From a mechanical perspective, lumen occlusion is a growth-induced instability problem of folding in a bilayered system. Since the number of folds has been correlated with the degree of occlusion, buckling modes
in the airways have been extensively studied for the limiting case of two-dimensional circular cross sections.
However, the interplay between radial, circumferential, and longitudinal growth has not been investigated to
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date. Here we explore the impact of anisotropic growth on airflow obstruction using parametric finite element
analyses of a bi-layered material with a stiff inner layer and a soft outer enclosure. We adopt the continuum
theory of finite growth to allow the system to grow independently in the radial, circumferential, and
longitudinal directions. Our results demonstrate that anisotropic growth - specifically along the airway’s long
axis - significantly contributes to lumen occlusion. This suggests that current models of circular twodimensional cross sections critically underestimate the risk of airway obstruction. Our findings agree with
clinical observations and could help explain the underlying mechanics of airway obstruction in chronic lung
disease. Beyond biomedical applications, the scientific understanding of morphological instabilities and
surface folding has important implications in material sciences, manufacturing, and microfabrication, with
applications in soft lithography, metrology, and flexible electronics.
Computational Understanding of Cortical Folding and Brain Developmental Disorders
Mir Jalil Razavi, Xianqiao Wang, University of Georgia
Soft tissues are complex materials with typical nonlinear, anisotropic, inhomogeneous behaviors subjected to
large strains and stresses. Growth or atrophy of soft materials in media may lead to instability and formation
of surface wrinkling, folding or creasing which depends on a variety of factors such as geometry and material
properties. Instabilities in the soft materials to adjust the shape configuration and dictate morphological
evolution is playing a crucial role in the healthy behavior of soft biological tissues. Convoluted cortical folding,
characterized by convex gyri and concave sulci, has an intrinsic relationship to the brain’s functional
organization. Understanding the mechanism of convolution patterns can provide useful insight into normal
and pathological brain functioning. However, despite decades of speculation and endeavors the underlying
mechanism of the folding process remains poorly understood. Most famous hypotheses in this area are
related to the roles of differential expansion of the cortex, radial growth, and internal tension in neuronal
fibers. In the differential growth hypotheses, which we consider it in this paper, outer layers of the brain grow
at faster rates than the inner layers, acting as the driving mechanism of cortical folding. Based on the
differentioal growth hypothesis, a soft double-layer hyperelastic sphere model with outer cortex and inner
core is modeled as the developing human brain so as to imitate the growth. In analytical part both
deformation and stress fields inside the brain are derived and analyzed. Analytical interpretations for
isotropic growth of the brain model provide preliminary insight into critical growth ratios for instability and
sulcification of the developing brain with hyperelastic material, but it fails to predict the evolution of cortical
complex convolution after the critical point. For overcome to this issue, in the computational part, non-linear
finite element models based on finite growth are employed to present sulcification and secondary
morphological folds of the growing brain. The results show that dependent on the cortex-to-core growth ratio,
growth induces residual stresses in the material that often cause large enough compressive stress to initiate
instability in the material. Initial thickness and material properties of the outer cortex relative to the inner core
have a great effect on the morphological patterns of the growing brain. Based on results, special
abnormalities in the fetal stage of a developing brain have been introduced, explained by models, and
compared with experimental observations.
Bechtel 240 – Dislocation Dynamics
The Elastodynamics of Defects
Xanthippi Markenscoff, University of California, San Diego
The fields radiated from moving dislocations (screw, edge, loops) in general nonuniform motion will be
presented with particular emphasis on the near-field logarithmic singularities associated with the acceleration
and the “effective mass” of the dislocation. "Driving forces" on moving defects are defined as configurational
forces on the basis of Noether’s theorem, and result in analogous equations of motion for dislocations and
inclusion (with eigenstrain) boundaries. Finally, the Dynamic Eshelby tensor will be presented for a selfsimilarly expanding ellipsoidal Eshelby inclusion that preserves the interior constant stress property (in selfsimilar motion).
Dislocation Structure Formation in a Continuum Model of Dislocation Dynamics
Stefan Sandfeld, Michael Zaiser, University of Erlangen-Nuremberg (FAU)
Work hardening during plastic deformation of crystalline solids is associated with significant changes in
dislocation microstructure. The increase in dislocation density on the specimen scale is accompanied by the
quasi spontaneous emergence of regions of low dislocation density and clusters of high dislocation density
which to a large extent persist upon unloading. These metastable structures are denoted as "dislocation
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patterns". Despite a significant degree of morphological variation depending on slip geometry and loading
mode (e.g. cell or labyrinth structures, dislocation accumulation in veins or walls), these patterns are
characterized by some fairly universal scaling relationships. These relationships are commonly referred to as
'law of similitude' or 'similitude principle'. They relate the characteristic length of deformation-induced
dislocation patterns to the applied stress at which they have formed, and to their average dislocation density
- which is interesting and also a useful fact that can be applied to expose models that generate 'unphysical'
patterns, i.e. patterns that can not possibly be formed by dislocations. Despite long-standing efforts in the
materials science and physics of defect communities, there is no general consensus regarding the physical
mechanism which leads to the formation of dislocation patterns.
We present for the first time dislocation patterning results from a continuum theory that (i) captures the
coupled dynamics of statistically stored and geometrically necessary dislocations while accounting for the
specific kinematics of curved dislocation lines and (ii) produces patterns that are consistent with the
similitude principle. We show that already a minimum set of 'ingredients' is sufficient to create patterns given that our set of continuum evolution equations are indeed able to represent fluxes of curved
dislocations. We start with a minimal model of dislocation patterning in a single slip configuration, which
allows to comprehend the basic mechanisms that leads to pattern formation. We then turn to more elaborate
and realistic 3D models with multislip systems where latent hardening terms couple the dislocation densities
on different slip systems through short-range interaction stresses. Our simulations explain how complex cell
structures form which match those experimentally observed. Furthermore, we discuss which types of
dislocation interactions are indispensable and which are not - explaining why some materials seem to form
patterns more easily than others. Furthermore, our models allow to link dislocation microstructures to the
mechanical response on the specimen level which offers new insights into the hardening mechanisms of
crystalline solids.
A FFT-based Formulation for Efficient Mechanical Fields Computation in Periodic Discrete
Dislocation Dynamics
Nicolas Bertin1,2, Laurent Capolungo1,2, Manas Upadhyay1,2, Cédric Pradalier2, 1Georgia Institute of
Technology, 2GeorgiaTech Lorraine
Discrete dislocation dynamics (DDD) has proven to be a powerful tool aiding at understanding the collective
behavior of ensembles of dislocations at the mesoscale. Such simulations have successfully been used to
investigate plasticity and strain hardening behaviors and processes at small scales.
However, the main limitations of current DDD simulations are associated with their important computational
costs. First, in regular DDD approaches, the determination of the motion of dislocations requires the
computation of dislocation-dislocation elastic interactions, which is an expensive O(N2) process where N is
the number of dislocation segments since all dislocation segments elastically interact with one another.
Second, the absence of analytical solution for the stress fields of dislocations in anisotropic media induces a
significant increase in the computational cost compared to that in isotropic elasticity, and has precluded
relevant simulations on such materials thus far. Finally, the last limitation results from the high computational
burden associated with the finite element method (FEM) required in current approaches to enable
inhomogeneous elasticity in DDD.
In parallel, an alternative DDD approach relying upon an eigenstrain formalism, the Discrete Continuum
Model (DCM), has been developed. Initially introduced to eliminate redundancies between stress
contributions in DDD approaches, this model has further shown its capability to deal with inhomogenous and
anisotropic elasticity when coupled to a FEM framework. Of particular interest with this approach, the
intensive computation of dislocation-dislocation elastic interactions can potentially be drastically reduced,
since it only concerns local pairs of segments whose interaction distance is smaller than the mesh size.
However, the coupling of the DCM with a FEM framework restricts its use to coarse meshes and
consequently still requires a significant a number of local interactions to compute.
In the present work, we propose a new highly computationally efficient full-field approach based on fast
Fourier transforms (FFT) for the computation of mechanical fields in periodic DDD simulations using the
DCM. It is demonstrated that the computational time associated with the new DDD-FFT approach is
significantly lower than that of current DDD approaches when large number of dislocation segments are
involved, respectively for isotropic and anisotropic elasticity. Furthermore, for fine Fourier grids, the treatment
of anisotropic elasticity comes at a similar computational cost than that of isotropic simulation. Thus, with the
proposed approach, the scale transition from DDD to mesoscale plasticity can be reasonably envisioned,
especially due to the method’s ability to incorporate inhomogeneous elasticity.
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Dislocation Dynamics Simulation of Plastic Deformation in Phosphorus-alloyed Oxygen-free Copper
(Cu-OFP) Single Crystal
Arash Hosseinzadeh Delandar, KTH (Royal Institute of Technology), Sweden
Plastic deformation of phosphorus-alloyed oxygen-free copper (Cu-OFP) single crystal is investigated using
three-dimensional dislocation dynamics simulation (3D-DD). Dislocation dynamics simulation is employed to
study the tensile test of Cu-OFP single crystal along the [0 0 1] direction at strain rates of 10000 and
100000(1/s). Moreover, model crystal is strained uniaxially at three stress levels of 120,170,220MPa along
the [0 0 1] direction in order to simulate creep deformation. We find that higher strain rate leads to the higher
flow stress as well as higher dislocation density accumulation at a given plastic strain. Tensile loading in the
[0 0 1] direction leads to the inhomogeneous evolution of microstructure for both strain rates. Uniaxial loading
of the single crystal in the [0 0 1] direction at three stress levels results in increasing plastic deformation with
a different rates. We find that increasing the magnitude of the applied stress leads to faster and higher plastic
straining in addition to higher dislocation density accumulation. Similarly, heterogeneous microstructure is
formed as a result of uniaxial loading at three applied stresses.
Sibley Auditorium – Multiscale Modeling
Multiscale Computational Approach Using Strain Gradient Formulation at Microlevel
Jurica Soric, Tomislav Lesicar, Zdenko Tonkovic, University of Zagreb
A more realistic description of the deformation responses of heterogeneous materials demands more
accurate modeling at both macroscopic and microscopic scales. The size, shape, spatial distribution, volume
fraction and the properties of the constituents making up the microstructure have a significant impact on the
material behavior observed at the macroscale. Strain localization phenomena and material softening as
results of extreme loading conditions, may significantly decrease structural load-carrying capacity. Therefore,
in order to assess structural integrity and reliability as well as to predict structural lifetime, an analysis on the
microlevel is unavoidable.
Multiscale techniques employing several homogenization schemes have been proposed. The two-scale
second-order homogenization approach has mostly been used, which requires C1 continuity in the
discretization at macrolevel. The standard C0 continuity has been hold at microlevel, where the solution of
the boundary value problem of the representative volume element (RVE) has been performed. However, this
C1 - C0 transition has some shortcomings. The microlevel second-order gradient cannot be related to the
macrolevel as volume average, and a modified second-order stress is extracted from the Hill-Mandel energy
condition, which bring some inconsistences in the formulations and disturb accuracy. Furthermore,
localization and material softening cannot be modeled at microlevel without loss of ellipticity of governing
field equations.
The present contribution is concerned with a multiscale second-order computational homogenization
algorithm employing C1 continuity at both macro- and microlevels under assumptions of small strains and
linear elastic material behavior. Discretization is performed by means of the C1 continuity finite element
developed using strain gradient theory. A new scale transition methodology is derived in which the volume
average of the macrolevel variables prescribed at the microlevel is explicitly satisfied. The Hill Mandel
condition yields the true state variables. The macroscopic consistent constitutive matrices are computed from
the RVE global stiffness matrix using the standard procedures. The implemented strain gradient theory
enables the modeling of damage response at the microstructural level, which is connected with strain
localization and softening. The algorithms derived are implemented into FE software ABAQUS via user
subroutines. The robustness and accuracy of the proposed homogenization approach is demonstrated by
numerical examples.
Acknowledgements
This work has been fully supported by Croatian Science Foundation under the project Multiscale Numerical
Modeling of Material Deformation Responses from Macro- to Nanolevel (2516).
A Statistical Descriptor Based Volume-integral Micromechanics Model of Heterogeneous Material
with Arbitrary Inclusion Shape
Zeliang Liu, Wing Kam Liu, Northwestern University
A continuing challenge in computational material design is developing a model to link the microstructure of a
material to its material properties in both an accurate and computationally efficient manner. In our work, such
a model is developed which uses the statistical descriptors of the microstructure combined with a newly
developed self-consistent volume-integral micromechanics (SVIM) model. It is observed that SVIM is able to
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capture the stress distribution inside the inclusion, as well as the effects of volume fraction and inclusion
distributions (e.g., nearest distance between inclusions) on the effective properties of heterogeneous
materials. More importantly, SVIM can be applied to inclusions with arbitrary shape through discretizing the
inclusion domain, which cannot be handled by traditional micromechanics models. It also significantly
improves computational simulation speed without losing accuracy. For both 2D and 3D problems, SVIM’s
capability of predicting the effective elastic properties has been validated against experiments and FEM
simulations. Moreover, SVIM can be directly applied to viscoelastic material and nano-composite material
where interphase comes into play. Further extensions will allow it to be generalized to consider plasticity and
effective strain gradient.
A basic framework of the material characterization and property prediction is proposed in this work. The
original images are firstly characterized to provide statistical descriptors, including volume fraction, inclusion
shapes and radial distribution function. The arbitrarily shaped inclusion is discretized into multiple integration
cells; displacement and strain fields are interpolated using FEM shape functions. By performing the volume
integral of Green’s function inside each cell, the global self- and pair-interaction matrices can be assembled
based on whether the integration point is inside or outside the inclusion. Dimensions of both interaction
matrices are proportional to the number of nodes in the mesh. The self-consistent equation is derived by
assuming the equivalency between the N-1 and N systems (N is the number of inclusion). Then all the
statistical descriptors are put into the self-consistent equation which considers both self- and pairinteractions. By solving the self-consistent equation iteratively, ensemble averaged distributions of strain and
eigenstrain in the inclusion are obtained. The effective elastic properties can be calculated in SVIM by
computing the equivalent Eshelby’s tensor through averaging the eigenstrains in the inclusion.
Wang Tiles in Numerical Homogenization Models
Martin Doskar1, Jaroslav Kruis1, Jan Novak2,
1
Czech Technical University in Prague, 2Czech Technical University in Prague and Brno University of
Technology
Numerical homogenization methods of processes governed by linear elliptic partial differential equations
(e.q. stationary heat transfer, linear elasticity) are a well resolved area of Materials Science, already
penetrating industrial applications. Creating microstructural samples for homogenization techniques,
however, can consume more computational time than the solution of overall properties itself. Therefore in
this contribution, we address the problem by means of the concept of Wang tilings, which exhibits some
advantages over the conventional representation of microstructures via Periodic Unit Cells. In contrast to the
single cell, in the tiling concept, the microstructural information is attributed to a finite number of Wang tiles,
elements with generalized periodic boundary conditions. What makes it appealing from the viewpoint of
numerical homogenization is its ability to produce arbitrarily large, non-periodic, and random realizations of a
given microstructure at almost no computational cost.
We start with the assumption that the investigated microstructure is accurately compressed within a set of
Wang tiles. The set thus contains complete information to render any effective property. To do so, we
sequentially generate ensembles of microstructural samples, each of them contains realizations of the same
size. Recalling the Partition theorem permits to construct confidence intervals of the upper and lower bounds
on the overall property from apparent properties of individual realizations stored in ensembles. Cardinality of
each ensemble is not determined a priori and increases adaptively on-the-fly in order to narrow the intervals
under a desired threshold. We keep generating ensembles of larger and larger samples, proceeding so from
Statistical Volume Elements towards the Representative Volume Element (RVE), until a stopping criterion
defined in terms of the the bounds proximity is reached, revealing the value of the effective property together
with the optimal size of the RVE.
Generated tilings, namely individual microstructure realizations, are in general non-periodic. However, they
are composed of limited number of instances, tiles, resulting in repeating patterns. Thus, basic principles of
domain decomposition methods can be adopted in order to alleviate computational overhead. In the case of
linear problems, each tile can be transformed into a macro-element by the method of Schur complements
reducing significantly the number of degrees of freedom. The procedure also calls for efficient parallelization.
Reduced Order Computational Homogenization for Materials with Nonlinear Interfaces
Matthias Leuschner, Felix Fritzen, Karlsruhe Institute of Technology, Institute of Engineering Mechanics,
Young Investigator Group Computer Aided Material Modeling
Composites are used in various engineering applications, and constitutive stress-strain relations for such
materials are of major interest. Numerous homogenization methods have been proposed for the prediction of
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the effective mechanical properties of composite materials.
While analytical approaches are limited to simple microstructures and material classes, numerical methods
can handle more complex and highly nonlinear problems.
However, the computational cost of numerical homogenization techniques is often too high for the application
to realistic three-dimensional problems.
Due to the increasing need for multiscale simulations in engineering industry, the development of
computationally efficient yet accurate homogenization strategies is highly desirable.
Therefore, the authors have recently proposed the potential-based Reduced Basis Model Order Reduction
(pRBMOR) homogenization scheme for micro-heterogeneous materials including a viscoplastic phase.The
pRBMOR method combines and extends the reduced basis approach of the Nonuniform Transformation
Field Analysis (NTFA) with a variational formulation relying on potential-based material models.Thereby, the
numerical effort can be reduced by approximately two orders of magnitude while preserving a sufficient
accuracy.
It has been demonstrated that a GPU implementation of the pRBMOR allows for further significant
speedups.
Like many other homogenization strategies found in the literature, the pRBMOR was originally formulated
under the assumption of perfect bonding (i.e. idealized interfaces) at the phase boundaries.This assumption
is not allowed in general, since it is well known that the mechanical properties of composites can depend
strongly on the often nonlinear behavior of interfaces in the microstructure.
In order to account for these nonlinearities, the authors propose to incorporate a reduced basis ansatz for
the interface opening into the pRBMOR.The variational approach can be maintained by assuming a
potential-based constitutive model for the characterization of the interfacial constitutive behavior.A class of
such potential-based cohesive zone laws, referred to as Standard Dissipative Cohesive Zones (SD-CZ), has
been presented by the authors.
For instance, unilateral opening of microcracks can be considered using a penalty formulation in the SD-CZ
framework.
An advanced strategy for the unattended identification of the reduced basis is proposed.
The capabilities of the pRBMOR method are demonstrated by means of numerical examples.
It is found that the pRBMOR can predict the effective material response and is also able to provide detailed
information on the microscopic fields.
Dai 250 – Nanomechanics
Atomic-Scale Modeling of Helium-3 Bubble Growth in Aging Palladium Tritides
Jonathan Zimmerman1, Lucas Hale2,
1
Sandia National Laboratories, 2National Institute of Standards and Technology
Palladium is an attractive material for hydrogen-isotope storage applications due to its properties of large
storage density and high diffusion of lattice hydrogen. For the storage of tritium, the material’s structural and
mechanical integrity is threatened by both the embrittlement effect of hydrogen, and the creation and
evolution of additional crystal defects (e.g. dislocations, stacking faults) caused by the formation and growth
of nanometer-sized helium-3 bubbles. Using recently developed inter-atomic potentials for a palladium alloy
system, we perform atomistic simulations of helium bubble growth to gain a fundamental understanding
about the deformation and failure mechanisms involved. Our simulation results show the evolution of
material defects (e.g. dislocations, stacking faults) that accompanies bubble growth, and we compare the
material behavior displayed with expectations from experiment and theory. We also present density
functional theory calculations to characterize ideal tensile and shear strengths for these materials, which
enable the understanding of how and why our developed potentials either meet or confound these
expectations.
Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation,
a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy’s National
Nuclear Security Administration under contract DE-AC04-94AL85000.
Mechanisms of Graphyne-enabled Cholesterol Removal from Protein Cluster
Xianqiao Wang, Liuyang Zhang, University of Georgia
The health risk associated with high cholesterol levels in the human body has motivated intensive efforts to
lower them by using specialized drugs. However, little research has been performed utilizing nanomaterials
to remove extra cholesterol from living tissues. Graphyne, a 2D lattice of sp2- and sp1-hybridized carbons
similar to graphene, possesses great potential for cholesterol extraction from cell membranes due to its
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distinct porous structure and outstanding surface adhesion. Here we employ molecular dynamics simulations
to explore pathways for cholesterol removal from protein clusters by using graphyne as a promising vehicle.
We first demonstrate the adhesive strength between a single cholesterol molecule and different types of
pristine graphyne, which provides the foundation for the graphyne-cholesterol interaction and the dynamic
cholesterol removal process within a protein cluster. The sp1-hybridized carbons in graphynes are potentially
more reactive than the sp2-hybridized carbons in graphene, which bestows graphynes with a remarkable
affinity for cholesterol molecules. Simulation results show that graphynes with more sp1-hybridized carbon
linkers can extract more cholesterol molecules than those with fewer linkers. The movement rate of graphyne
across the protein cluster also plays an important role in determining the amount of removed cholesterol
molecules from the system of interest. The hybrid structure of graphyne with cholesterol molecules in its
partial pores also possesses outstanding adhesive strength, showing better cholesterol removal performance
than pristine graphyne. These findings open up a promising avenue to exploit the capability of graphyne for
biomedical applications.
First-Principles Study of Torsional Resistance of Faceted Boron Nitride Nanotubes
Yusuke Kinoshita, Atsushi Matsubara, Nobutada Ohno,
Department of Computational Science and Engineering, Nagoya University
Boron nitride nanotubes (BNNTs) consist of alternately arranged boron and nitrogen atoms and exhibit a
hexagonal ring structure, similar to that of carbon nanotubes (CNTs). It has been experimentally and
theoretically proved that BNNTs have the Young’s modulus of ~1 TPa, comparable to that of CNTs.
Recently, Garel et al. performed the first experimental study of the torsional mechanics of BNNTs, and
reported that BNNTs are up to 1 order of magnitude torsionally stiffer and stronger than CNTs. This result
makes BNNTs promising candidates to replace CNTs in yarns, fibers, and nanocomposites with outstanding
mechanical properties. Garel et al. have attributed the ultrahigh torsional stiffness and strength of BNNTs to
the interlayer locking caused by a faceted polygonal tube shape. However, this hypothesis has not been fully
proved yet.
In this study, to verify the abovementioned hypothesis and to clarify the detailed mechanism of the ultrahigh
torsional resistance of BNNTs, we perform the rotational analysis of faceted BNNTs using first-principles
calculations. The energy to axially rotate the outermost wall of triple-walled BNNTs with circular and
pentagonal cross-sectional areas is calculated within the density functional theory together with van der
Waals corrections, called DFT-D2. It is found that the rotational energy of the outermost wall of the
pentagonal BNNT is 4 orders of magnitude higher than that of the circular BNNT. This result demonstrates
that a faceted polygonal tube shape significantly increases the interlayer interaction. To discuss whether the
interlayer locking occurs in twisted polygonal BNNTs, we estimate the torque of the pentagonal BNNT in two
cases: (i) all the walls are locked and twist together, and (ii) only the outermost wall twists and rotates around
the inner walls. The estimation reveals that case (i) requires a lower torque to twist the pentagonal BNNT
than case (ii). In other words, case (i) is energetically preferable to case (ii). Therefore, our calculations and
estimations indicate a high possibility of the interlayer locking in twisted polygonal BNNTs and support the
abovementioned hypothesis.
Work Conjugacy Between Stress and Strain in Molecular Dynamics
Leyu Wang, James Lee, The George Washington University
This work derives the atomistic stress and strains through work conjugate relation. In continuum mechanics,
many different definitions of stress and strain exist. Only a certain pair of stress and strain, called conjugate
pair, ensures that there exists a scalar-valued function, called strain energy density function, such that the
stress is the derivative of the strain energy density with respect to the strain. Since the counterpart of strain
energy in molecular dynamic is interatomic potential energy, which is also a scalar-valued function. The
atomistic stress and strain should hold the conjugacy as well. The isolated double-atom system is studied
first since stress and strain of such system can be clearly defined by taking a continuum point of view of an
elongated bar. The conjugacy of two sets of stress and strain is proved in three dimensional cases. Later the
conjugacy is proved to be valid in multi-atom system with stress and strain defined at each atom considering
the influence of all other atoms. The “volume of an atom” is calculated as the volume of the Wigner–Seitz cell
of that atom. Such definition requires that the stress takes summation and the strain takes average of the
corresponding values of all surrounding atoms.
It shows the atomistic Kirchhoff stress, defined with the original volume of Wigner–Seitz cell of each atom
summing up the influence of all other atoms, is thermodynamic conjugate with respect to the atomistic
Hencky strain. It is worthwhile to mention that Kirchhoff stress and Hencky strain is a conjugate pair in
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continuum mechanics. The atomistic Kirchhoff stress, if averaged over all atoms in a region, is the virial
stress defined with the original volume of that region. However the conjugacy will be lost at the averaging
process. Atomistic second order Piola-Kirchhoff stress is proved to be conjugate to the atomistic Lagrangian
strain. It is noted that the second order Piola-Kirchhoff stress and Lagrangian strain is a conjugate pair in
continuum mechanics.
Session 7: 3:30 – 5:00
Blum Hall 100 – Creep, Damage, Fracture, and Fatigue
Anisotropic Damage Coupled with Plasticity - Model Development, Finite Element Implementation
and Applications
Stephanie Reese, Stephan Wulfinghoff, Marek Fassin, RWTH Aachen University
In this contribution, we discuss the development of a new coupled damage-viscoplasticity model including
two important applications: the process of quasi-static deep drawing-electromagnetic forming and the lifetime
estimation for a rocket thrust chamber. The model is based on a recently proposed finite strain isotropic
(visco-)plastic model [1], taking combined nonlinear kinematic and isotropic hardening into account. It is
coupled with ductile damage in the context of continuum damage mechanics. The coupling of damage and
plasticity is carried out in a constitutive manner employing the effective stress concept. The damage part is
formulated anisotropically using a second order internal variable. A basis for the present material modelling
are the concepts presented in [2, 3].
Since anisotropic damage modeling is per se elaborate it is important to keep the numerical effort at the
finite element level as low as possible. In the present contribution a special reduced integration finite element
technology is suggested which works with only one Gauss point. An important issue is the hourglass
stabilization which has to be developed in such a way that the anisotropic material behaviour is taken into
account.
In the example part, first of all several test simulations are performed to show that the model yields
physically plausible results. After that we investigate the potential of the constitutive framework regarding the
prediction of forming limits. In particular, the coupled material model is applied to the combined quasistaticelectromagnetic simulation of the cross-shaped cup deep drawing process. The second application concerns
the operation of a regeneratively cooled rocket thrust chamber, the cooling channel wall of which is subjected
to extreme thermomechanical loads. These loads cause continuously damage and finally lead to the failure
of the wall, well-known as the doghouse effect, which shall be predicted by the present model.
[1] I. N. Vladimirov, M. P. Pietryga, S. Reese, International Journal for Numerical Methods in Engineering 75
(2008) 1-28.
[2] R. Desmorat, S. Cantournet, International Journal of Damage Mechanics 17 (2008) 65-96
[3] I. N. Vladimirov, M. P. Pietryga, Y. Kiliclar, V. Tini, S. Reeese, International Journal of Damage Mechanics
23 (2014) 1096-1132
Brittle Intergranular Fracture Frustrated by Intermittent Dislocation Emission in Nickel
Guoqiang Xu, Michael Demkowicz, Massachusetts Institute of Technology
We investigated intergranular crack propagation in nickel using large-scale, fully 3-D molecular dynamics
simulations. The crack front in our simulations is not parallel to any slip plane and is found to propagate in
bursts in a brittle-like manner. Each burst begins with bond breaking and ends with copious dislocation
emission. The crack tip is not fully blunted by the dislocations and remains sharp as it propagates. Thus, in
contrast to the view espoused by the Rice-Thomson criterion, bond breaking and dislocation emission are
not mutually exclusive. On the contrary, even in a nominally ductile material such as nickel, intergranular
crack propagation is brittle at the atomic level. The effect of emitted dislocations is to prevent the brittle crack
from propagating more than a few nanometers in a single burst.
This work was supported by the BP-MIT Materials and Corrosion Center.
Numerical Study for the Improved CDM Model Regarding Cyclic Loading Conditions
Lucval Malcher, Edgar Nobuo Mamiya, University of Brasilia
In this contribution, several numerical simulations are carried out regarding the improved CDM model, which
is applied to estimate fatigue life under proportional and non-proportional loading conditions. In the first part,
theoretical aspects are discussed and the numerical algorithm is presented based on the operator split
methodology and backward Euler scheme. Furthermore, some aspects related to calibration of the materials
parameters and the accuracy of the continuum damage model in the determinations of the correct stress-
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strain field and fatigue life are analysed. The behaviour of internal variables is studied, such as evolution of
both damage parameters, evolution of the equivalent plastic strain, the reaction curve and the contour of the
effective damage parameter. The results obtained are compared with experimental data and have shown
that the present formulation performs well in the prediction of the fatigue life under wide range of loading
condition.
A Novel Hysteresis Energy Based Fatigue Failure Criterion for an Epoxy Based Polymer Using a
Viscoplastic Material Model
Daniel Krause, German Aerospace Center (DLR)
Epoxy based composite materials are increasingly used for a wide range of applications. Both Airbus (A350)
and Boeing (787) have reached a composite share of over 50 % in the high performance long range aircraft
segment. Currently, overly conservative strain based design criteria prevent the utilization of the full
lightweight capabilities of such materials. Thorough research in damage, reliability, and fatigue can help
overcome these limitations. However, the effort for a systematic characterization of the damage behavior is
enormous.
Micromechanical evaluations have proven to be a valuable approach to understanding the damage and
failure of heterogeneous materials like composites. For this, an accurate material model for the epoxy is
needed as many failure mechanisms are matrix-governed or at least matrix-originated.
In this work, the phenomenology of the material behavior of the epoxy based resin LY564/Aradur 22962
under static and cyclic loading conditions has been studied. From the experimental observations in static
tension tests under different strain rates, relaxation tests, DMA tests, as well as intermediate holding
loading/unloading tests, a viscoplastic material behavior can be concluded. A viscoplastic material model
originally introduced for polypropylene by [1] was modified and used to model the behavior of the resin in 3D
loading conditions. A tool based on Python/Qt (PySide) has been developed for simulation and sequential
calibration of the material parameters from the experimental data. A validation with cyclic tests shows good
correlation of the material model and the cyclic response of the material.
Furthermore, the fatigue behavior of the material under tension-tension loading has been studied. Load
controlled tension-tension experiments at different load levels have been performed. From the loaddisplacement history of each specimen, potential fatigue life estimators were investigated including the
hysteresis energy per cycle as well as the accumulated hysteresis energy. Using the calibrated viscoplastic
material model, a multiaxial fatigue failure model based on the accumulated hysteresis energy is proposed
and is shown to predict the failure of neat resin under uniaxial loading. Further work includes the application
of the fatigue failure model to multiaxial loading conditions in a micromechanical analysis using
representative volume elements of composite materials.
[1] M. Kästner et al.: Inelastic material behavior of polymers – Experimental characterization, formulation and
implementation of a material model. In: Mechanics of Materials 52, pp. 40-57, 2012.
Damage in Random Fibrous Networks
Emrah Sozumert1, Vadim V. Silberschmidt1, Emrah Demirci1, Memis Acar1, Behnam Pourdeyhimi2,
1
Loughborough University, UK, 2North Carolina State University
Fibrous networks are ubiquitous: they can be found in various engineering applications as well as in
biological tissues. Due to complexity of their random microstructures, anisotropic properties and a high
extent of stretching, their modelling is rather challenging. Though, in literature, there are various studies
focusing either on numerical simulations of fibrous networks or explaining their damage mechanisms at
micro- or meso-scale, they usually do not incorporate an actual random material’s microstructure and failure
mechanisms.
The microstructure of fibrous networks – together with usually highly non-linear mechanical behaviour of
their single polymeric fibres – defines specific features of initiation of damage, its spatial localization and
ultimate failure. Numerical models available in the literature are not always capable to introduce adequately
fibre-to-fibre interactions and, hence, their influence on damage processes in fibrous networks. To emulate
the real-life microstructure of such networks in a finite-element model, curled fibres were introduced to
capture their geometric nonlinearity. An orientation distribution function for fibres obtained from X-ray micro
computed-tomography images was considered to introduce their actual alignment.
To investigate the size effect on damage evolution in fibrous networks, specimens of various dimensions
were experimentally tested and numerically simulated at high levels of stretching. Moreover, the effect of
notches with different sizes and dimensions leading to various scenarios of strain localizations were
analysed. The paper presents the obtained results together with their comparison.
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X. Hou, M. Acar, V.V. Silberschmidt, 2D finite element analysis of thermally bonded nonwoven materials:
Continuous and discontinuous models, Comput. Mater. Sci., 2009, Vol. 46, pp. 700–707.
X. Hou, M. Acar, V.V. Silberschmidt, Non-uniformity of deformation in low-density thermally point bonded
nonwoven material: effect of microstructure. J. Mater. Sci., 2011, Vol. 46, pp. 307–315.
B. Sabuncuoglu, M. Acar, V.V. Silberschmidt, Parametric code for generation of finite-element model of
nonwovens accounting for orientation distribution of fibres. Int. J. Numer. Meth. Engng., 2013, Vol. 94(5), pp.
441–453.
F. Farukh, E. Demirci, B. Sabuncuoglu, M. Acar, B. Pourdeyhimi, V.V. Silberschmidt, Numerical analysis of
progressive damage in nonwoven fibrous networks under tension. Int. J. Solids Struct., 2014, Vol. 51, pp.
1670-1685.
Hearst 290 – Granular Materials and Particle Systems
Is Critical State Theory for Granular Materials Complete?
1
2
3
Yannis Dafalias , Xiang Li , Pengcheng Fu ,
1
University of California at Davis and National Technical University of Athens
2
3
Hong Kong University of Science and Technology, Lawrence Livermore National Laboratory
For more than half a century the Critical State Theory (CST) in granular mechanics was a paradigm of a
constitutive framework within which soil constitutive modeling was developed. Its main hypothesis is that in
order to reach Critical State (CS), defined by continuing deviatoric deformation with no further volume
change at fixed stresses, it is necessary for the stress ratio and the void ratio e to reach specific values, the
former a constant and the latter a unique function of pressure p, known as the Critical State Line (CSL) in e-p
space. It was implied that such conditions were also sufficient. Yet, CST made no reference to the orientation
part of the fabric of granular materials, as a result of which strongly anisotropic response was not possible to
be described within its premises, posing questions as to the completeness of the theory.
A recently developed Anisotropic Critical State Theory (ACST) challenges the completeness of the
paradigm of the classical CST by adding one more condition for reaching CS, namely the requirement that
the fabric, measured by a properly defined fabric tensor F, attains also a unique critical norm and specific
direction at CS. This additional fabric-related hypothesis is verified by several simulations at grain-scale level
by use of Discrete Element Method (DEM), using various definitions of fabric tensors such as the popular
contact normal-based and the more recently developed void vector-based. A practical means to account for
the specific role of the fabric at CS is introduced by properly modifying, based on the fabric, the concept of
the state parameter (difference of the current void ratio from the corresponding critical void ratio at same p);
such modification allows the simulation of strongly anisotropic granular material response while maintaining
uniqueness of the CSL, shown to derive from Gibb’s principle in thermodynamics.
Some issues are briefly discussed in regards to the choices of various fabric tensors and the possibility to
show by real and/or numerical experiments based on DEM, the independence of the newly introduced CS
fabric condition of ACST from the two conditions of the classical CST, thus, showing not only necessity but
also sufficiency of the three CS conditions on stress ratio, void ratio and fabric.
Acknowledgement
This research received support by the European Research Council under FP7/2007–2013/ERC IDEAS
Advanced Grant Agreement no. 290963 (SOMEF) and partial support by the US NSF project CMMI1162096.
Master Equation for the Probability Distribution Functions of Overlaps Between Particles in Two
Dimensional Granular Packings
Stefan Luding, K. Saitoh, V. Magnanimo, University of Twente
The goal is to provide mesoscopic statistical models for the microscopic origin of the macroscopic,
continuum response of granular and particle systems. How does the force-chain-network in a random
granular material react to hydrostatic compression? We show that not only contacts, but also their opening
and closing as well as interparticle gaps, i.e. virtual contacts, must be included for a comprehensive
description of the system response involving the probability distribution functions (PDFs) of the extended
force network. Considering overlaps/forces as stochastic variables, their conditional probability distributions
(CPDs) are (numerically) determined and allow to formulate a Master equation for the PDFs. The insight one
gets from the CPDs is striking: The mean change of contacts reflects non-affinity, while their fluctuations
obey uncorrelated Gaussian statistics. In contrast, virtual contacts are mostly affine to isotropic
(de)compression in average, but show multi-scale correlations with considerable probability of large “jumps”
according to a stable distribution (cf. L ́evy distribution), that allows for a generalized central limit theorem.
Noting that all changes of the network during compression are similarly scaled by the distance from the
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jamming density, the evolution of the system is fully described by the Master equation.
K. Saitoh, V. Magnanimo, and S. Luding,Master equation for the probability distribution functions of overlaps
between particles in two dimensional granular packings,
[ Soft Matter, in press, 2015, http://dx.doi.org/10.1039/C4SM02452D ], [ arXiv:1311.5359 ]
Characterization of Porous Ceramics Derived from a Combination of Stochastic and Mechanical
Modeling
1
2,
1
1
1
Matthias Kulosa , Matthias Neumann Martin Boeff , Gerd Gaiselmann , Volker Schmidt , Alexander
1
Hartmaier ,
1
2
ICAMS, Ruhr-University Bochum, Germany, Institute of Stochastics, University Ulm
Due to good thermal insulation properties combined with high mechanical strength and damage tolerance,
fibre-reinforded ceramics with porous matrices are being considered as suitable candidates for refractory
materials in high temperature applications such as burners of stationary gas turbines.
The microstructure of the porous matrix of the fiber-reinforced composite commonly consists of sintered
ceramic particles that form a porous material. The mechanical properties of porous materials are typically
related to microstructure characteristics such as porosity and the size distributions of pores and solid
particles. However, it has been shown that the mechanical properties can vary by a large degree for a given
porosity. This indicates that, besides porosity, there must be further parameters influencing mechanical
properties.
To investigate microstructural influences on the elastic properties of porous ceramics with a typical sintered
microstructure a combination of stochastic and mechanical modeling is applied. Quasi-2D representative
volume elements (RVE) are generated employing methods from stochastic geometry and graph theory.
These RVEs consist of complex microstructures with two phases (pores and solid) and are designed to
mimic the real microstructure topologically. The stochastic model is capable of controlling quantities like
porosity, the degree of particle overlap and connectivity (coordination number of sintered particles) such that
the model can represent a variety of microstructures. In the next step the mechanical properties of the RVEs
are characterized by means of the finite element method and homogenization techniques, which yield the
effective Young's modulus as a function of the microstructure.
The results clearly demonstrate that the connectivity in terms of the average coordination number of
sintered particles is strongly related with the elastic properties, whereas the influence of the porosity is only a
minor factor for a given average coordination number.
Modeling of Microstructures in a Cosserat Continuum Using Relaxed Energies
Klaus Hackl, Muhammad S. Khan, Ruhr-Universität Bochum
A continuum model for granular materials exhibiting microstructures is presented using the concept of energy
relaxation. In the framework of Cosserat continuum theory the free energy of the material is en-riched with an
interaction energy potential taking into account the counter rotations of the particles. The total energy thus
becomes non-quasiconvex, giving rise to the development of microstructures. Relaxa-tion theory is then
applied to compute its exact quasiconvex envelope. It is worth mentioning that there are no further
assumptions necessary here. The computed relaxed energy yields all possible field fluctua-tions of
displacements and micro-rotations as minimizers. We show that the material behavior can be divided into
three different regimes. Two of the material phases are exhibiting microstructures in rota-tional and
translational motion of the particles, respectively, and the third one is corresponding to the case where there
is no internal structure of the deformation field. The properties of the proposed model are demonstrated by
carrying out numerical computations. The obtained results exhibit a number of un-expected features, for
example the transition between distributed and localized microstructures.
[1] Dacorogna, B., Direct methods in the calculus of variations, Springer Verlag, Berlin-Hiedelberg-New York,
1989.
[2] Heinen, R., and Hackl, K., On the calculation of energy-minimizing phase fractions in shape memory
alloys, Comp. Meth. Appl. Mech. Engrg., 196, 2007, pp. 2401-2412.
[3] Khan, M.S., and Hackl, K., Prediction of microstructure in a Cosserat continuum using relaxed energies,
PAMM, 12, 2012, pp. 265-266.
[4] Le Dret, H., and Raoult, A. The quasiconvex envelope of the Saint Venant-Kirchhoff stored energy
function. Proc. Roy. Soc. Edinburgh, 125A, 1995, pp. 1179-1192.
[5] Trinh, B.T., and Hackl, K., Finite element simulation of strain localization in inelastic solids by energy
relaxation, Vietnam Journal of Mechanics, 33, 2011, pp. 203-213.
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Bechtel 240 – Dislocation Dynamics
Electronic Structure Study of an Edge Dislocation in Aluminum
Vikram Gavini1, Mrinal Iyer2, Balachandran Radhakrishnan3,
1
2
3
University of Michigan, Intel Corporation, University of California San Diego
This talk presents a real-space formulation of orbital-free density functional theory using finite-element basis
to study the defect-core and energetics of an edge dislocation in Aluminum. Our study shows that the coresize of a perfect edge dislocation is around ten times the magnitude of the Burgers vector. This finding is
contrary to the widely accepted notion that continuum descriptions of dislocation energetics are accurate
beyond 1-3 Burgers vector from the dislocation line. Consistent with prior electronic-structure studies, we find
that the perfect edge dislocation dissociates into two Shockley partials with a partial separation distance of
12.8 Angstroms. Interestingly, our study revealed a significant influence of macroscopic deformations on the
core-energy of Shockley partials. We show that this dependence of the core-energy on macroscopic
deformations results in an additional force on dislocations, beyond the Peach-Koehler force, that is
proportional to strain gradients. Further, we demonstrate that this force from core-effects can be significant
and can play an important role in governing the dislocation behavior in regions of inhomogeneous
deformations.
Characterizing Solute Drag on Perfect and Extended Dislocations
Ryan Sills, Wei Cai, Stanford University
In order to apply dislocation dynamics to the study of solid solution-strengthened materials, the interactions
between solutes and dislocations must be well understood. With this work, we have characterized the drag
force exerted on a gliding dislocation by its Cottrell atmosphere at steady state. Using numerical methods,
the drag force was determined as a function of the dislocation velocity, giving so-called force-velocity (F-v)
curves. The sensitivities of the F-v curves to the various controlling parameters, such as the misfit strain,
temperature, and elastic constants, have been assessed. The F-v curve is shown to be most sensitive to the
strength of the solute-dislocation interaction, the background solute concentration, and the dislocation
character angle. Both perfect and extended dislocations were considered. With extended dislocations, we
show that a Cottrell atmosphere can significantly change the separation distance between the partial
dislocations, even when the stacking fault energy is unaffected by the solutes. In some cases, the separation
distance can go to zero, causing collapse into a perfect dislocation, or go to infinity, causing the formation of
an unbounded stacking fault. The implications of these results for the plastic deformation of solid solution
metals are discussed. Finally, curve fits have been found for the force-velocity curve, enabling the
development of a mobility law that incorporates solute drag into dislocation dynamics simulations.
Reaction-Kinetics Models for Structural Defects and Implication to Certain Nanotechnology Problems
Alexey Romanov1, Elias Aifantis2,
1
ITMO University, 2Aristotle University
On the basis of some earlier kinetics models for linear defects (dislocations, disclinations, twins) proposed by
the authors, certain benchmark problems of nanotechnology are considered. In particular, some results on
deformation and stability of nanopolycrystals, produced by SPD, nanolayered films used in LEDs, and
nanotwins are presented.
Grain Boundary Dynamics: Model Experiments on Bicrystals
Dmitri Molodov, RWTH Aachen University
In this presentation we will focus on the phenomenon of grain boundary motion coupled to shear
deformation, experimentally investi¬gated in specially grown aluminum bicrystals. The measurements were
performed in-situ using a deformation hot stage integrated in a SEM. For <100> tilt boundaries with both low
and high misorientation angles boundary migration under an applied stress was observed to be ideally
coupled to a lateral translation of the grains. The migration-shear coupling was also observed for
asymmetrical <100> and <111> tilt boundaries. Measurements of the temperature dependence of coupled
boundary migration revealed that there is a specific misorientation dependence of migration activation
parameters, such that the lower activation enthalpy values correspond to boundaries which can be
associated with misorientations close to low Σ CSL orientation relationships. The behavior of the special Σ7
tilt boundary under stress was investigated in bicrystals of different geometry (38.2°<111>, 135.6°<112>,
73.4°<021>), i.e. stress was applied to the same boundary plane in different directions. Contrary to
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expectations and observations on random tilt boundaries, in all three cases the boundary was driven by
stress, but produced practically no shear during its migration. The stress driven migration of the mixed <100>
tilt-twist boundaries was observed to be accompanied by both the translation of adjacent grains parallel to
the boundary plane and their rotation relative to each other around the boundary plane normal. Shear during
boundary migration is produced by the partially <100> tilt boundary character, whereas the twist component
is responsible for the concurrent grain rotation.
Predicting the Microstructural Evolution of a 13% Chromium Steel During Hot Working with a
Physically Based Model
1
1
2
Nima Safara Nosar , Göran Engberg , Mattias Sandström ,
1
2
Dalarna University, Borlänge, Sweden; SANDVIK Material Technology, Sweden
In this paper a physically based model in form of a MATLAB toolbox has been used to describe and predict
the microstructural evolution of a 13% chromium steel subjected to hot-working.
In this model calculation of recrystallization is based on three assumptions: first, the nuclei for recrystallized
grains are the abnormally growing subgrains, second, subgrains should reach a critical size to
recrystallization starts and third, the misorientation should reach a critical value. Additionally the model is
able to determine the flow stress based on a physical description of dislocation density evolution.
In order to validate the model a series of hot compression and relaxation test were performed using a
Gleeble thermo-mechanical simulator at various temperatures and strain rates ranging from 800⁰C up to
1250⁰C and from 0.01 S-1 up to 20 S-1 respectively. Results show a satisfying agreement between the
experimental data and calculated values from the model.
Sibley Auditorium – Multiscale Modeling / Statistical Mechanics
Microstructural Deformation of a Power Plant Steel: Modelling the Granular Response of a
Martensitic Steel
Brian Golden1, Dong-Feng Li2, Sean Lean2, Noel O'Dowd1
1
University of Limerick, 2Nuigalway
The changing face of power generation requires an improved understanding of the deformation and failure
response of materials that are employed in power plants. Important insights can be obtained through
microstructurally motivated modelling studies. In this paper, a finite element (FE) modelling framework is
presented with explicit representation of polycrystalline microstructure for a P91 tempered martensitic steel.
A elastic-plastic model, derived from room temperature uniaxial tensile experimentation, was used to
represent the specimen at macro level and to investigate the load required to attain a local strain of 20%. A 3
point bend specimen with a thin notch was designed and manufactured from P91 steel with a 20,000 hour
service history.
An EBSD scan of the surface was taken before and after loading of the specimen. This data was converted
to a representative RVE using a crystal plasticity model that has been formulated to account for slip based
inelastic deformation in the material. Both the macro level model and the microscale RVE showed good
correlation with the experimental data when the relevant comparisons were made.
Multi-scale Simulation of Uniaxial Tension of Pre-cracked Single Crystal and Polycrystalline
Irradiated FCC Steels Specimens
Chao Ling1, Jacques Besson2, Samuel Forest2, Elodie Bosso3, Félix Latourte3, Benoît Tanguy1, 1Section for
Research on Irradiated Materials, CEA Saclay; 2Centre des Matériaux, Mines ParisTech; 3Materials and
Mechanics of Components, EDF R&D
After being irradiated under the condition of pressurized water reactors (PWRs), austenitic stainless steels
show higher yield stress and lower ductility. It is also observed that the fracture toughness decreases rapidly
when irradiation dose increases [1]. The modification of the mechanical properties of the stainless steels is
mainly due to different types of defects created by irradiation, i.e. dislocations, Frank loops, voids, bubbles,
etc. When the irradiated steels are subjected to mechanical loading, the density of dislocation and Frank loop
evolve by different mechanisms, while voids and bubbles may grow and even coalesce depending of their
volume fraction.
A crystal plasticity-based constitutive model has been proposed by Tanguy et al. [2] and Han [3] for
austenitic stainless steels irradiated under PWR conditions by considering the evolution mechanism of
dislocation and Frank loop density under mechanical loading. The material parameters have been identified
for different levels of irradiation dose.
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On the other hand, a yield potential function, combining the resolved shear stress, von Mises equivalent
stress and hydrostatic stress, has been recently developed for FCC steels by Han et al. [4] based on a
variational homogenization method aiming at describing the yield surface of single crystals containing voids.
The yield potential function has then been phenomenologically extended by introducing 3 material
parameters to well reproduce the yield surface derived from unit cell simulations.
In this study, a constitutive framework is proposed by introducing the yield potential function of Han et al. [4]
in the crystal plasticity-based constitutive framework of Tanguy et al. [2] and Han [3] for considering the void
growth in an irradiated single crystal matrix. The model is implemented in the finite element code Z-set. FE
simulations are performed for perfect and pre-crack, single crystal and polycrystalline specimens under
uniaxial tension. Two different levels of irradiation dose, i.e. 0 dpa and 13 dpa, are taken into account for
showing the irradiation effect on the macroscopic mechanical behavior of single crystal and polycrystalline
specimens.
[1] S.J. Zinkle and G.S. Was, Acta Materialia, 61 (2013) 735-758
[2] B. Tanguy, X. Han, J. Besson, S. Forest, C. Robertson and N. Rupin, International Symposium on
Plasticity 2013 and its Current Applications, Nassau, Bahamas, 3-8 January 2013
[3] X. Han, Modeling of cavity swelling-induced embrittlement in irradiated austenitic stainless steels, Ph.D
Thesis, Mines ParisTech, 2012
[4] X. Han, J. Besson, S. Forest, B. Tanguy and S. Bugat, International Journal of Solids and Structures, 50
(2013) 2115-2131.
Physical and Numerical Modeling of Hyperfine Wire Drawing of MgCa08 Alloy in Heated Dies
Accounting for Recrystallization in Mic
Piotr Kustra, Andrij Milenin, Maciej Pietrzyk, Dmytro Svyetlichnyy
AGH University of Science and Technology
The paper deals with a modeling of manufacturing process of hyperfine wire of MgCa08 alloy used as
biocompatible soluble threads for medical applications. A new manufacturing process of thin wires made of
biocompatible Mg alloys, including drawing in heated dies, was developed in Authors previous works. In
drawing process with heated die, wire is preheated in a furnace and then deformed. Conducting of drawing
process in conditions, in which recrystallization occurs, is the basis of the process. This allows for multi-pass
drawing without intermediate annealing. The purpose of the paper was development of a two-scale
mathematical model of recrystallization for MgCa08 alloy, its implementation into the finite element method
(FEM) code, simulations of wire drawing and experimental verification of the model. The first part of the work
focused on the development of the FEM model of wire drawing process of Mg alloys in heated die. The
fracture criterion was implemented into FEM code to eliminate the possibility of damage. The goal of the
second part of the work was development and calibration of recrystallization models. Since the final product
requires diameter of wire below 0.1 mm, which is comparable with grain size, accounting for the
microstructure evolution in the model is essential for the accuracy of simulations. For this reason the problem
was considered in the macro scale (by using JMAK model) and in the micro scale by using the frontal cellular
automata (FCA) model. Simulation results confirmed usefulness of FCA-based and JMAK-based models for
prediction of microstructure development and for selection of rational technological conditions of thin wire
drawing of MgCa08 alloy. Recrystallization models were calibrated on the basis of flow curves and stress
relaxation tests performed for the MgCa08 alloy on physical simulator GLEEBLE 3800. Experimental wire
drawing on drawing bench was the final stage of the work performed to validate the models.
Acknowledgements: Financial assistance from the National Science Center of Poland, project no.
2012/05/B/ST8/01797 is acknowledged.
Multiscale Modeling of the Elastic Behavior of Architectured and Nanostructured Cu-Nb Composite
Wires
Tang Gu1, Eveline Herve-Luanco2, Henry Proudhon2, Olivier Castelnau1, Samuel Forest2, 1PIMM (ENSAM
ParisTech, CNRS UMR 8006), 2Centre des materiaux (MINES ParisTech)
Architectured and nanostructured copper-niobium composite wires are excellent candidates to be elaborated
for the winding of coils producing very high magnetic fields up to 90 T, as they combine both very high
strength and high electrical conductivity.
The studied Cu-Nb wires have been obtained by a cumulative drawing and bundling, and exhibit a
multiscale architecture, leading to a mixture of a large number (up to 85^3) of continuous and parallel Nb and
Cu filaments and nanotubes, with smallest dimensions as low as 50 nm.
Depending on the elaboration process, different microstructures have been investigated.
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The crystallographic texture of the Cu phase exhibits a double <100> and <111> fibre, while a sharp singlecomponent <110> fibre develops in Nb. The morphological texture exhibits highly elongated grains along the
wire axis.
The elastic behavior of these composite wires has been modeled by several multi-scale methods: a Finite
Element model assuming a periodic microstructure, the standard Self-Consistent scheme assuming a
random mixture of Cu and Nb phases, and the Generalized Self-Consistent scheme taking into account the
specific filament/nanotube microstructure.
As the specimens exhibit many characteristic scales, ranging from nanometers (grains scale) to millimeters
(effective specimen scale), several scales transitions steps are carried out iteratively in a hierarchical
process, in which both morphological and crystallographical textures are taken into account. Model results in
terms of effective behavior and field statistics will be presented, together with comparison to experimental
data.

Friday, May 29; Session 8: 8:30 – 10:00
Blum Hall 100 – Creep, Damage, Fracture, and Fatigue
Effect of Non-Uniform Stress Field on Bi-dimensional Cohesive Crack Initiation and Propagation
Tuan-Hiep Pham1, Jérôme Laverne1, Jean-Jacques Marigo2,
1
EDF – R&D, Département Analyses Mécaniques et Acoustique, France,
2
Laboratoire de Mécanique des Solides (UMR 7549), Ecole Polytechnique, France
This talk is interested in the effect of non-uniform stress field on cohesive crack initiation and propagation in
bi-dimensional elastic infinite structure through complex analysis. The loading is monotonic with a increasing
loading parameter. In the first part, the Dugdale’s cohesive law is investigated. Using this cohesive law, the
cohesive stress is constant along the crack while the loading parameter is smaller than a critical value. The
crack is assumed to be always on the symmetrical plan of structure and in mode I. It is demonstrated that the
crack length is proportional to the square root of loading parameter. This result leads us to introduce a
characteristic length which relates to the non-uniformity of stress field. The crack opening can be also
calculated as a regular function of coordinate and of loading parameter. This function is maximal at the
center of crack and its derivative is equal to 0 at crack tips. The analytical results fit perfectly with numerical
simulation which is realized with finite element software Code Aster. At the critical loading, the stress-free
zone appears in the center of crack. It is shown that the crack lengths-loading parameter curves contain the
snap-backs and the crack lengths evolution is discontinuous at the critical loading parameter. The scale
effect will be discussed in this part of the talk.
In the second part, the talk focuses on a more general problem using Barenblatt’s linear cohesive law. The
dependence of cohesive force on displacement jump is considered. The non-singularity condition of stress
field and the complex analysis lead us to the resolution of an integro-differential equation concerning the
dimensionless crack opening. Developing the latter as a sum of Chebyshev’s polynomials of the
dimensionless coordinate, the crack evolution can be investigated approximately. It is demonstrated that the
dimensionless crack opening is a regular function of dimensionless coordinate and crack length. The results
of Dugdale’s cohesive crack can also be verified by the Chebyshev’s polynomials method. The work is part
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of studies on the understanding of the crack initiation and propagation phenomena in plastic medium for
EDF’s industrial problems.
Numerical Estimation of Stepwise Crack Propagation in Ceramic Laminates with Strong Interfaces
1
1
1
2
Lubos Nahlik , Katerina Stegnerova , Pavel Hutar , Zdenek Majer
1
Institute of Physics of Materials, Academy of Sciences of the Czech Republic, Czech Republic, 2Faculty of
Mechanical Engineering, Brno University of Technology, Czech Republic
During the last years many researchers put so much effort to design layered structures combining layers of
different materials in order to improve low fracture toughness and mechanical reliability of the ceramics. It
has been proven, that an effective way is to create layered ceramics with strong bonded interfaces. After the
cooling process from the sintering temperature, due to the different coefficients of thermal expansion of
individual constituents of the composite, significant internal residual stresses are developed within the layers.
These stresses can change the crack behaviour. This results to the higher value of so-called apparent
fracture toughness, i.e. higher resistance of the ceramic laminate to the crack propagation.
The contribution deals with a description of the specific crack propagation in the layered alumina-zirconia
ceramic laminate. The main aim is to clarify crack behaviour in the compressive layer of the laminate and
provide computational tools for estimation of crack behaviour in the field of strong residual stresses. The
crack propagation was investigated on the basis of linear elastic fracture mechanics. Fracture parameters
were computed numerically. Finite element models were developed in order to obtain a stress distribution in
the laminate containing a crack and to simulate crack propagation. The sharp change of the crack
propagation direction was estimated using criterion based on the strain energy density factor. Generalized
linear elastic fracture mechanics was applied in the case of crack touching the material interface. Estimated
crack behaviour is qualitatively in a good agreement with experimental observations. Presented approach
can be advantageously used for design of new layered ceramic composites and for a better estimation of
their failure.
On the Influence of Crack Front Curvature on the Fracture Behavior of Nano-Scale Cracks
Johannes J. Möller, Erik Bitzek, Friedrich-Alexander-Universität Erlangen-Nürnberg
Atomistic simulations play an important role in advancing our understanding of the crack tip processes that
take place during fracture. Traditionally, atomic-scale fracture simulations make use of periodic boundary
conditions to study infinitely long straight cracks in a quasi-two-dimensional set up. This approach, however,
neglects crack front curvature effects, where the three-dimensional character of the crack problem must be
taken into account. Nano-scale crack nuclei are a prime example for highly curved cracks, but crack front
curvature effects play also an important role in the micromechanics of crack advance in locally
heterogeneous brittle solids.
Whereas the treatment of curved cracks by linear elastic fracture mechanics is well established, the
influence of crack front curvature on crack tip plasticity has not yet been systematically investigated.
Here we use fully 3D large scale molecular dynamics simulations to study penny-shaped cracks on various
planes in the semi-brittle body-centered-cubic metals Fe, W, and Mo. Our simulation results show that
nano-scale penny-shaped cracks generally show significantly increased crack tip plasticity compared to
cracks with infinitely long straight crack fronts. Plastic deformation is initiated by the nucleation of
deformation twins at favorably oriented crack front segments, followed by the emission of screw dislocations,
which cross slip along the crack front. Together with the interactions of dislocations and/or twins, which are
nucleated at differently oriented parts of the crack, these processes determine the fracture behavior of highly
curved nano-scale cracks. The present results highlight the importance of 3D modeling of cracks in atomistic
as well as meso-scale simulations.
Development of a Polycrystalline Approach for the Modelling of High Cycle Fatigue Damage:
Application to a HSLA Steel
Jihed Zghal1, Charles Mareau2, Franck Morel2
1
IRT Jules Verne, 2Arts et métiers ParisTech
For many metallic alloys, fatigue crack initiation is governed by the development of a localized plastic activity
at the grain scale. Because of the irreversible nature of plasticity, a significant proportion of the total work is
dissipated into heat during a cyclic loading. As a consequence, one may expect some correlation between
heat dissipation and high cycle fatigue damage as both phenomena are closely related.
The purpose of the present work is to study such correlation for a ferritic high strength low alloyed steel
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subjected to various cyclic loading conditions. For several uniaxial fatigue tests carried out under different
load ratios and stress levels, an experimental dataset consisting of stress, strain and temperature
measurements is used to estimate the evolution of the amount of dissipated energy. A clear correlation
between dissipated energy and the number of cycles to failure is observed.
Based upon these experimental observations, a constitutive model, which assumes fatigue damage to be
driven by plasticity, is proposed. To account for the anisotropy of elastic and plastic properties, the model is
developed within a rate-dependent crystal plasticity framework. Some internal variables are introduced for
each slip system to describe isotropic hardening, kinematic hardening and fatigue damage. The dependence
of the elastic stiffness tensor regarding the damage variables and the orientation of the associated slip
systems allows accounting for the anisotropic nature of fatigue damage. The definitions of the driving forces
associated with the internal variables are derived from a phenomenological energy potential. For the specific
case of damage, the driving force is found to be strongly related to stored energy. To account for the
polycrystalline nature of the material, the constitutive model is then implemented within a self-consistent
formulation. The model is used to investigate the fatigue behavior of the ferritic high strength low alloyed
steel. The representative volume element consists of about 600 grains whose orientations were selected to
be consistent with the experimental crystallographic texture. The model coefficients are identified using the
results obtained from stress-controlled fatigue tests with different amplitudes and mean values (respectively
R=0.1 and R=0.3).
Finally, the model is used for gaining insight into the microscopic scale. It allows for estimating the amount
of energy which is either stored in the material or dissipated into heat at the grain scale. Damage is found to
be highly localized in some specific grains with important quantities of local stored energy.
Modelling Fatigue Crack Initiation at Fractured Particles in Aluminium Alloys
Erembert Nizery1, Samuel Forest1, Henry Proudhon1, Jean-Yves Buffiere2, Juliette Chevy3, 1Mines
ParisTech, Centre des Matériaux, 2INSA Lyon, MATEIS, 3Constellium Technology Center
The plasticity in the matrix at the crack tip of fractured particles – initiation sites in the studied Al-alloys – is
simulated under tensile and cyclic loading using crystal plasticity finite element modelling (CP-FEM). Slip
activity on all twelve face-centered cubic (FCC) systems is computed, as well as the stress normal to slip
planes. A criterion based on the number of activated slip systems is proposed in order to predict whether a
surface crack will show, or not, crystallographic features in the first grain in which it propagates. The activity
of one single slip system in an extended angular zone at crack tip is associated with clearly defined crack
planes at the scale of the particle. Results are successfully compared with eight experimental cracks
observed with scanning electron microscope (SEM) and Electron Backscattered Diffraction (EBSD) on 2050T8 aluminium alloy specimens submitted to cycling loading (~40 000 cycles lifetime). In the second part of
the study, a constitutive damage and crystal plasticity law formulation is presented which enables to
propagate fatigue cracks in oriented monocrystals with CP-FEM. The formulation includes a damage
parameter which is coupled with the plasticity. A single combined slip and damage criterion and a single
dissipation potential are used for each slip system. For low plastic loading, and before a critical amount of
plastic slip has been reached, the formulation is identical to the classical CP formulation. After activation of
damage, the yield stress decreases with damage increment, and the Young's modulus is kept constant. A
geometric approach is followed in order to deal with crack closure issues under local non-hydrostatic
loadings. The formulation theoretically accounts for some effect of crack rugosity on fatigue crack closure,
and thus on fatigue crack growth rate (FCGR).
Hearst 290 - Composites
Analytical Damage Modelling of 2-D Braided Textile Composites
Thomas Matzies, Helmyt Rapp, Universität der Bundeswehr München
An analytical meso-scale model for the prediction of damage initiation and damage progression of 2-D
braided textile composites is presented. Biaxial and triaxial braided composites at three different braider
angles are investigated. Byun’s model, based on the unit cell of the fabric, is adopted to characterize the
geometry of the textile. The unit cell is divided in non-orthogonal subcells for the prediction of the 3-D
engineering constants. The used homogenization model utilizes coordinate transformation and volume
fraction based averaging of the stiffness and compliance of each constituent (yarn and matrix) of the
subcells. The failure criterion of Cuntze is embedded to assess the damage initiation and to indicate the
damage mode of the yarns, while the maximum stress criterion is used for the matrix material. The
deterioration of the homogenized mechanical properties is modeled to predict the damage propagation using
a nonlinear analysis. Finally tubular specimen of the investigated braided composites were manufactured
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and tested by tensile, bending, torsional and combined bending-torsional loading to verify the developed
method.
Finite Element Modeling of Damage Initiation and Propagation in Three-Dimensional Woven
Composites
Borys Drach1, Igor Tsukrov2, Andrew Drach3, Harun Bayraktar4, Jon Goering4,
1
2
3
New Mexico State University, University of New Hampshire, Durham, ICES, University of Texas at Austin,
4
Albany Engineered Composites
Three-dimensional (3D) woven composites are a relatively new type of composite materials that has been
rapidly gaining popularity among aerospace industry manufacturers. Parts manufactured from these
composites exhibit thermo-mechanical properties comparable to the metal equivalents at a fraction of the
weight. At the current stage of the composite’s utilization, reliable predictive tools are needed for designers to
select the best reinforcement architecture for a given application. However, due to the complicated
inhomogeneous microstructure of the 3D woven composites, their numerical modeling and thus predictive
analysis presents significant challenges.
We present a straightforward procedure to develop realistic finite element models of unit cells for 3D woven
composites on the mesoscale based on the as-woven reinforcement geometry obtained by the textile
modeling software. We consider several configurations of woven reinforcement and describe the model
development steps. Utilizing the developed models, we simulate initiation and propagation of microcracks in
the matrices of carbon fiber/epoxy 3D woven composites under various thermo-mechanical loading
conditions. The dilatational strain energy density, the parabolic stress and the Drucker-Prager yield criteria
are implemented as custom subroutines in commercial finite element software package MSC Marc/Mentat.
Predictions of damage locations based on the parabolic stress criterion appear to be in good agreement with
computed microtomography observations.
A Numerical Study on Length Scale Dependent Deformation in Micro-fiber Composites
Nitin Garg, Farid Alisafaei, Gurudutt Chandrashekar, Chung-Souk Han, University of Wyoming
Various experiments including micro-sized beam bending and nanoindentation indicate that length scale
dependent deformation is significant in elastic deformation of polymers at micron and submicron length
scales. Such a significant size effect observed in elastic deformation of polymers should also affect the
mechanical behavior of fiber matrix composites, as the matrix is usually made up of polymeric materials and
the radius of the fiber is typically in the micrometer range. Based on a couple stress elasticity theory, a finite
element approach for plane strain problems is presented here to predict the mechanical behavior of glassepoxy composite materials at the micron length scale. In this approach, along with nodal displacements,
nodal rotations are introduced as primary variables where a penalty term is used to minimize the difference
between these nodal rotations and the rotations determined from the nodal displacements. Numerical results
illustrate that with a constant fiber volume fraction the effective elastic modulus of glass-epoxy composites
increase with decreasing fiber radius indicating the effects of higher order displacement gradients on the
mechanical behavior of composite materials.
Mechanical Behaviour of Composite Material Polyester Matrix Reinforced for Industrial Waste Wood
Mauricio Ribeiro, Roberto Fujiyama, Universidade Federal do Pará
The exponential population growth has exerted high pressure on natural resources, this slowed exploration
has put into practice the reuse of waste as well as the development of materials from renewable sources, it is
essential to the new logic of sustainable socio-environmental development. Among the most abundant waste
generated by primary processing industries are residuals of the woods. The purpose of this paper is to apply
the reuse of this waste combined with the production of Wood Plastic Composites or WPC, which used the
residuals of quaruba and marupá woods, generated from the use of circular saw, these woods were selected
because they have low density. The test specimens were manufactured by hand molding using silicone
molds, no release agent and without pressure. The composites were manufactured in four series of ten test
specimens (TS) of array with load of wood dust for traction test with the proportion of curing agent/resin of
0.33% (v/v). The traction molds were filled with wood powder up to a limit of its volumetric capacity, without
pressure or mechanical vibration. then the powder was duly weight measure and the value of the mass
obtained, converted into mass fraction, was established as being the reference of incorporation and
workability for manufacturing composites without pressure. The traction tests were conducted according to
ASTM D 638M. The results obtained in the traction test of test specimens made from polyester without
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reinforcement, with curing agent/resin of 0.33% (v/v) was of 36.74 MPa. The results obtained in the traction
tests in the composites reinforced with marupá powder were of 25.28 MPa; 23.02 MPa; 21.02 MPa e 20.93
MPa, for mass fraction of 1.47%; 2.89%; 4.28% and 5.63%, respectively. The results obtained in the traction
tests in the composites reinforced with powder Quaruba were 23.66 MPa; 21.54 MPa; 21.39 MPa and 21.34
MPa, for mass fraction of 1.56%; 3.08%; 4.55% and 5.97%, respectively. The results show that the
composites with powder marupá and quaruba present a satisfactory mechanical performance, however
shows that the increase of mass fraction of reinforcement reduces the tensile strength of the composite. It is
concluded that the increase in particulate proportion of reinforcements in polymeric matrixes ductile, can act
as stress concentrators point, nucleating cracks, thus reducing the mechanical resistance.
Mathematical Models for Thin Piezoelectric Interphases: An Asymptotic Approach
Michele Serpilli, Polytechnic University of Marche
The conception and use of smart materials have undergone a major development over the past few decades
in all fields of aeronautical, mechanical and civil engineering. For what concerns with smart structures, the
strain state is constantly under control with the help of sensors and actuators, made, for instance, of
piezoelectric materials, which are integrated within the structure. Piezoelectric materials may be applied onto
a host structure to change its shape and to enhance its mechanical properties with different configurations:
for instance, a piezoelectric transducer can be embedded into the structure to be controlled or it can be glued
on it. Moreover, the same piezoelectric actuators are often obtained by alternating different thin layers of
material with highly contrasted electromechanical properties. This generates different types of complex
multimaterial assemblies, in which each phase interacts with the others. The successful application of the
asymptotic methods to obtain a mathematical justification of thin structure models in the field of elasticity and
piezoelectricity, has stimulated the research toward a rational simplification of the modeling of complex
structures obtained joining elements of different dimensions and/or materials of highly contrasted properties.
Thin interphases represent one of the most peculiar bonded joint between two media. The treatment of the
thin interphase as a separate phase by a standard finite element analysis is too expensive from a
computational point of view and the presence of strong contrasts in the geometry and mechanical properties
causes numerical instabilities. That is why specific asymptotic expansions are used and allow to replace the
original problem by a set of problems in which the thin interphase is substituted by a two-dimensional
surface, i.e., a so-called imperfect interface, between the two three-dimensional bodies with non classical
transmission conditions. The goal of the present work is to study the quasi-static electromechanical behavior
of a piezoelectric assembly constituted by a thin piezoelectric layer surrounded by two generic piezoelectric
bodies by means of an asymptotic analysis. By defining a small real parameter, associated with the
thickness and the electromechanical properties of the middle layer, we perform an asymptotic analysis. We
derive two different interface models by varying the electromechanical stiffnesses ratios between the middle
layer and the adherents: namely, the weak and the strong piezoelectric interface models. We identify the non
classical electromechanical transmission conditions at the interface and we give a mathematical justification
of the reduced models by means of a functional convergence argument.
Bechtel 240 – Phase-Transforming Materials
Martensite at High Temperatures – Is It Possible?
Franz Dieter Fischer1, Thomas Antretter1, Manuel Petersmann1, Svea Mayer2, Thomas Waitz3,
1
Institute of Mechanics, Montanuniversitaet Leoben, 2Department Physical Metallurgy and Materials Testing,
Montanuniversitaet Leoben, 3Physics of Nanostructured Materials, Faculty of Physics, University of Vienna
There is a clear experimental evidence that TiAl-3Mo alloy (a material which is going to be used for turbine
blades in jet engines with a specific weight approx. half of that of Ni-based alloys) shows a displacive
(martensitic) phase transformation upon fast cooling in a high temperature range above 1200°C. An optically
similar microstructure, the so-called Widmanstätten pattern, has been observed for Ti-alloys in the past.
However, a pure martensitic microstructure at such a high temperature has been observed first by our group
and reported recently, see Hu [1]. The transformation from the bcc- beta phase to the hcp- alpha' phase is
described by using the well established Burgers relation meaning that the most densely-packed planes as
well as their corresponding directions of both phases coincide resulting in the Bain strain tensor. However,
two further ingredients are necessary: The first one is a rotation of the lattice according to the so-called
Pitsch-Schrader orientation relationship. The second one is new, namely the superposition of a rather small
shear deformation (activated by an extra atom plane in the distance of approx. 25 atom distances). Then it is
possible to show by means of the crystallographic theory of martensite [2] that the parent (beta-) phase and
the product (alpha'-) martensitic phase share an invariant plane. It should be mentioned that twin-related
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pairs of variants are not formed, unlike to what is observed in other martensite morphologies, e.g. in shape
memory alloys. The according theoretical basis can be considered as an extension of the crystallographic
theory of martensite. The modelling results are in good agreement with EBSD images.
[1] D. Hu, H. Jiang, Martensite in a TiAl alloy quenched from beta phase field, Intermetallics, 86, 87-95, 2015
[2] K. Bhattacharya, Microstructure of martensite, University Press, Oxford, 2003
Transformation and Deformation Mechanisms in High Temperature Shape Memory Alloys with
Nanoprecipitates
Michael John Mills1, Lee Casalena1, Fan Yang1, Xiang Chen1, Matthew Bowers1, Yipeng Gao1, Harshad
1
1
1
2
3
Paranjape , Peter Anderson , Yunzhi Wang , Daniel Coughlin , Ronald Noebe ,
1
2
3
The Ohio State University, Columbus; Los Alamos National Laboratory; NASA Glenn Research Center,
Cleveland
An emerging class of Ni-based high temperature shape memory alloys (HTSMAs) displays high reliability,
lightweight and increased capability while lowering space and power consumption for many energy and
transportation applications. This research focuses on developing a fundamental understanding of the
inherent microstructure-property relationship of Ni-rich HTSMAs, of which very little is currently known. Ni-TiX alloys where X=Hf,Pt,Au can exhibit high transformation temperatures, large transformation strains and
small permanent strains. These systems are investigated in order to determine beneficial properties, which
are strongly influenced by the formation of nanoscale precipitates. Advanced electron characterization
techniques are used to explore the martensitic interactions of these precipitates at low temperature, and
dislocation activity at higher temperature. These insights are incorporated into microstructural modeling
frameworks to understand how phase transformations, crystal plasticity, and time-dependent creep interact
under isothermal and load biased thermal cycling conditions.
Microstructure Based Material Model for Transformation Induced Plasticity (TRIP) Steels
Marrapu Bhargava, Shanta Chakraborty, Asim Tewari, Sushil Mishra, IIT Bombay
Automotive industry is currently focusing on using advanced high strength steels (AHSS) due to its high
strength and formability for closure applications. Transformation Induced Plasticity (TRIP) steel is one of the
material for this application among other AHSS. The present work is focused on formability analysis of third
generation advanced high strength steels. To mimic complex strain path condition during forming of
automotive body, LDH tests were conducted and samples were deformed in servo hydraulic press to find the
different strain path. FEM Simulations were done to predict different strain path diagrams and compared with
experimental results. There is a significant difference between experimental and simulation results as the
existing material models are not applicable for Q&P steels. Micro texture studies were performed on the
samples at different strains and strain path using EBSD and X-RD techniques. It was observed that austenite
is transformed to martensite and texture developed during deformation had strong impact on limit strain and
strain path. A new material model is developed based on microstructural evolution during deformation to
enhance the formability of Q&P steel.
Stress Induced Phase Transitions During Scratching of Silicon
Michael Budnitzki, Meinhard Kuna, TU Bergakademie Freiberg
Machining of silicon at the brittle-ductile transition is gaining importance as the wafering technology moves
from multi-wire sawing with loose abrasive to fixed abrasive. In this case the material removal mechanism is
scratching. Room-temperature ductility in silicon is known to be caused by stress-induced displacive solidsolid phase transitions, the first and most important of which is the semiconductor-to-metal transition (cd-Si
→ β-Si) leading to a change in volume of about 20%. During rapid load release, amorphous Si (a-Si) is
formed. We developed and implemented a thermomechanically consistent finite deformation constitutive
model that captures these phase transitions and - once fitted to a load-displacement curve for the Berkovich
indenter tip - correctly reproduces the size of the transformation zone as well as load-displacement curves
for other tip geometries such as the Knoop indenter tip. We were able to show that this model correctly
predicts the drag force - lateral displacement relationship for scratching with a single asperity using the same
set of material parameters. This result highlights the importance of a dedicated phase transition model, since
classical isochoric plasticity fitted to the same experimental data already fails to reproduce the qualitative
features of the drag force - lateral displacement curve.
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Microstructure Evolution Modelling of the Rotary Friction Welding of Nickel Based Superalloys
Fauzan Adziman, Roger C. Reed, University of Oxford
Rotary friction welding is radically different joining process which is assuming great importance in the
aerospace, power generation and automotive sectors. The overarching reason is its capacity to produce
solid-state joints of high integrity, in the structural alloys which are not amenable to the more traditional
fusion welding techniques. Unfortunately, the speed of welding is very rapid and the process zone is very
narrow. These characteristics make in-situ observations difficult, but serve to emphasise the value of
numerical analysis to deduce the effects occurring.
So far, modelling studies have emphasised heat transfer/frictional effects, flash formation and the evolution
of residual stress fields – with emphasis almost predominantly on relying upon look-up tables of flow stress
data. But particularly for the nickel-based superalloys which are hardened by precipitation strengthening, it is
becoming clear that the flow softening behaviour varies in a complicated way around the temperature at
which a phase transformation occurs as the strengthening precipitates (known as gamma prime) dissolve.
Thus, we model a typical rotary friction welding process with different constitutive laws at these
temperatures, to account for the non-linear response which is expected at this so-called gamma prime solvus
temperature.
The nickel-based superalloy IN718 is considered. Treatments for both inertia welding and direct-drive
welding are developed. The modelling covers a sufficiently long temporal scales to account for the transition
from the conditioning, steady-state and deceleration stage. Rather than use look-up tables of flow stress data
across regimes of strain-rate and temperature in a rather unsatisfactory way, a microstructurally-sensitive
constitutive law based on a viscoplasticity formulation with kinematic hardening is used. It couples an internal
back-stress to microstructure state variables directly related to the physical processes of deformation:
hardening, recovery associated with the formation of a dislocation network and kinetics of dynamic
recrystallisation. We concentrate too on the conditions associated with the very final stages of the welding
process, and the factors leading to the full bonding of the two different workpieces; this has not been
attempted so far. The predictions of the modelling are compared critically with the observations reported in
the literature and experiment.
Sibley Auditorium – Multiscale Modeling / Multiferroic Materials
Multi-scale Modeling of the Damage Behavior of Textile Composites
Jaan-Willem Simon1, Brett Bednarcyk2, Bertram Stier1, Stefanie Reese1
1
Institute of Applied Mechanics, RWTH Aachen University, Germany, 2NASA Glenn Research Center,
Structures and Materials Division, USA
Textile composites, in which the reinforcing fibers are woven or braided, have become very popular in
numerous applications in aerospace, automotive, and maritime industry. These textile composites are
advantageous due to their ease of manufacture, damage tolerance, and relatively low cost. However,
physics-based modeling of the mechanical behavior of textile composites is challenging. Compared to their
unidirectional counterparts, textile composites introduce additional geometric complexities, which cause
significant local stress and strain concentrations. Since these internal concentrations are primary drivers of
nonlinearity, damage, and failure within textile composites, they must be taken into account in order for the
models to be predictive.
The macro-scale approach to modeling textile-reinforced composites treats the whole composite as an
effective, homogenized material. This approach is very computationally efficient but it cannot be considered
predictive beyond the elastic regime, because the complex microstructural geometry is not considered.
Further, this approach can, at best, offer a phenomenological treatment of nonlinear deformation and failure.
In contrast, the meso-scale approach to modeling textile composites explicitly considers the internal
geometry of the reinforcing tows, and thus their interaction, and the effects of their curved paths can be
modeled. The tows are treated as effective (homogenized) materials, requiring use of anisotropic material
models to capture their behavior. Finally, the micro-scale approach goes one level lower, modeling the
individual filaments that constitute the tows.
This paper will compare meso- and micro-scale approaches to modeling the deformation and damage
propagation of textile-reinforced polymer matrix composites. For the meso-scale approach, the woven
composite architecture will be modeled using the finite element method, and an anisotropic damage model
for the tows will be employed to capture the local nonlinear behavior. For the micro-scale two different
models will be used, the one being based on the finite element method, whereas the other one makes use of
an embedded semi-analytical approach. The goal will be the comparison and evaluation of these approaches
to modeling textile-reinforced composites in terms of accuracy, efficiency, and utility.
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A Stochastic Micromechanical Model for Fiber Network Deformation
Alp Karakoc, Jouni Paltakari, Eero Hiltunen, Aalto University
Fiber network, in which the natural or artificial fibers are randomly or directionally aligned, forms the
structural foundation for forest products, tissues, bones and engineering materials including composites,
paper and packaging products [1]. Fiber network deformation plays critical role in determining the
mechanical properties of the fiber based materials. Therefore, there have been extensive efforts to generate
fiber network models in two and three dimensional space [2, 3]. As a contribution to these modelling efforts,
a three dimensional stochastic micromechanical model is introduced in the present study. The main goal is to
understand the parameters affecting the fiber network deformation and compute the mechanical properties of
the aggregate. Foci are the geometrical and mechanical modelling where the fiber-fiber interaction and single
fiber properties are modeled and analyzed. From the geometrical point of view, fiber geometry including
length, cross-sectional properties, in-plane orientation are taken into consideration. Fiber stiffness and
strength, and inter-fiber bonding properties are used as the mechanical input parameters of the
micromechanical model. By means of the model, it is especially expected to understand the deformation
phenomenon for paper-like materials, where the fibers have stochastic and discrete nature.
[1] Kulachenko, A., Uesaka, T., 2012. Direct simulations of fiber network deformation and failure. Mechanics
of Materials 51, 1-14.
[2] Curto, J.M.R., Conceicao, E.L.T., Portugal, A.T.G., Simoes, R.M.S., 2010. The fiber properties influence
on a three dimensional paper model. XXI TECNICELPA Conference and Exhibition, Portugal.
[3] Pan, Y., Iorga, L., Pelegri, A.A., 2008. Numerical generation of a random chopped fiber composite RVE
and its elastic properties. Composites Science and Technology 68, 2792-2798.
Stochastic Multiscale Optimization of Short-Fiber Reinforced Composites
Mason Hickman, Prodyot K.Basu, Vanderbilt University
A framework for stochastic optimization of materials with engineered microstructures is detailed. Numerical
methods for solving problems with short-fiber inclusions are discussed. The addition of fiber reinforcement
has been shown to improve the performance of various materials in a number of applications. For instance,
fiber reinforcement can be added to ceramics to bridge cracks and provide extra ductility and energy
absorption capability. In the case of a fiber reinforced brittle material cracking in tension, the fibers carry the
applied load, arresting the brittle failure of the composite. The behavior of a fiber reinforced brittle matrix
under tensile stress is dependent on several properties including material parameters, fiber geometry, fiber
length, and orientation of the fibers with respect to the applied load. In a real-world system the distribution of
the fibers may be random with respect to orientation angle and spacing. The composite material response
also depends on the interfacial properties between the fibers and the matrix, which exhibit uncertainty. Using
a descriptor-based approach a correlation is assumed between variables that describe the material
morphology on the microscale and global material response on the macroscale. Stochastic multiscale
methods enable the connection of the scales to analyze the effect of randomly distributed short-fiber
inclusions on the global response of the system.
Randomly generated representative volume elements are discretized into statistical volume elements (SVE)
whose response is analyzed using the extended finite element method (XFEM). XFEM uses the basic
concepts of FEM with the addition of higher-order enrichment functions to capture the effect of discontinuities
in the material. The enrichment functions are used in addition to standard FEM shape functions to capture
local material response without the need for a mesh that conforms to the material morphology, ideal for
specimen with arbitrary fiber distributions. The variation observed in SVE models is quantified and used for
homogenization to bridge the scales of the problem. The descriptor design space is explored using the
Monte Carlo method. Correlation is determined between the descriptor variables and the energy absorption
capacity of a fiber reinforced matrix. An optimal microstructure is selected such that the strain energy
absorption capability of the composite is maximized and the problem constraints are satisfied.
Micro-Magneto-Electro-Mechanical Framework for Multiferroic Materials
Sushima Santapuri, Polytechnic University of Puerto Rico
A multiferroic material possesses both ferroelectric and ferromagnetic properties simultaneously making it
possible to control magnetization with electric field and polarization with magnetic field. This property, known
as the magnetoelectric effect, enables the use of mulitferroic materials in a wide range of applications
ranging from sensing, actuation to energy harvesting devices. Although, there are very few naturally
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occurring single-phase multiferroic materials (e.g., YMnO3, BiMnO3 and BiFeO3), magnetoelectric effect has
been also observed in composites or solid solutions of ferroelectric and ferromagnetic crystals. Unlike singlephase materials, wherein the ME effect is limited by the material coupling coefficient, the ME effect in
ferroelectric-ferromagnetic heterostructures can be controlled through composite design. But in order to
control and design artificial multiferroic composites that can be tailored for desired applications, novel
mathematical modeling tools are required to predict the complex coupled, hysteretic and nonlinear behavior
of these materials.
This work focuses on the development of a coupled electro-magneto-mechanical framework that can
capture the complex behavior of multiferroics. Composite multiferroics are investigated through a variational
phase-field modeling approach. An irreversible thermodynamic framework consisting of a set of micro-forces
and governing balance laws is utilized to identify the appropriate material constitutive relationships. This
framework is a generalization of Ginzburg-Landau and Landau-Lifshitz-Gilbert equations and contains
additional micro-force balance equations for the evolution of order parameters and their gradients. A free
energy function describing ferroelectric, ferromagnetic, ferroelastic orders and their mutual coupling is
developed for prototype multiferroic materials and experimental data is utilized to obtain the free energy
coefficients. A principle of virtual work is developed for this theory and implemented using finite element
formulation to predict the domain wall evolution in (i) a prototype single-phase multiferroic, and (ii) a
ferroelectric-ferromagnetic composite. The results for both cases are analyzed and comparative studies are
subsequently performed.
Algorithms for Multi-Objective Design Optimization of Hard Magnetic Alloys Using Experimental Data
George Dulikravich1, Rajesh Jha1, Nirupam Chakrabort2, Ming Fan3, Justin Schwartz3, Carl Koch3,
1
Florida International University, 2Indian Institute of Technology, 3North Carolina State University
This work presents an iterative use of various algorithms based on multi objective evolutionary optimization
that was successfully used to generate chemical compositions of hard magnetic materials that do not use
rare earth elements. A multi-dimensional random number generation algorithm was used to initially distribute
chemical concentrations of each of the alloying elements in the candidate alloys as uniformly as possible
while maintaining the prescribed bounds on the minimum and maximum allowable values for the
concentration of each of the alloying elements. The generated candidate alloy compositions were then
examined for phase equilibria andassociated magnetic properties using a thermodynamic database in the
desired temperature range. These initial candidate alloys were manufactured, synthesized and tested for
desired properties.
Then, the experimentally obtained values of the properties were fitted with a multi-dimensional response
surface. The desired properties were treated as objectives and were extremized simultaneously by utilizing a
multi-objective optimization algorithm that optimized the concentrations of each of the alloying elements. This
task was also performed by another conceptually different response surface and optimization algorithm for
the purpose of doublechecking the results. A few of the best predicted Pareto optimal alloy compositions
were then manufactured, synthesized and tested to evaluate their macroscopic properties. Several of these
Pareto optimized alloys outperformed most of the candidate alloys on most of the objectives. This proves the
efficacy of the combined metamodelling and experimental approach in design optimization of the alloys. A
sensitivity analysis of each of the alloying elements was also performed to determine which of the alloying
elements contributes the least to the desired macroscopic properties of the alloy. These elements can then
be replaced with other candidate alloying elements such as not-so-rare earth elements.
Session 9: 10:30 – 12:00
Blum Hall 100 – Creep, Damage, Fracture, and Fatigue
Phase Field Modeling of Fracture in Si Electrodes at Large Deformation
Xiaoxuan Zhang, Christian Linder, Stanford University
Lithium-ion (Li-ion) batteries, widely used in portable electronics, are important energy storage devices due
to their high energy density and high average voltage. However, the electric vehicle industry persistently
requires Li-ion batteries with higher energy storage density and longer cycle life. Silicon (Si), as the second
most abundant element on earth, is one of the most promising anode material with a high theoretical specific
energy of 4200mAh/g, compared with 372mAh/g for graphite used in current commercial lithium-ion
batteries. However, the undergoing large volume changes ($\sim310\%$ at full lithiation) during the charge
and discharge process causes fracture of electrodes, which leads to mechanical failure, chemical
degradation, capacity loss and shortened cycle life. Though nanotechnology has shed lights on the practical
application of Si as the anode material, a throughout understanding of the complicated electro-chemo
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mechanical process involved in the (de)lithiation of Si is still needed in order to improve the performance of
Li-ion batteries.
In this work, a reaction-controlled diffusion model, featured with a physical parameter, the so called bondbreaking energy barrier $E_0$, will be presented firstly to capture the two-phase diffusion mechanism
involved in the initial lithiation process of amorphous Si (a-Si) and crystalline Si (c-Si) electrodes, and the
one-phase diffusion for the amorphous Si obtained after the delithiation process, in a consistent manner with
the modification of $E_0$. Next, a phase field model coupled with this new reaction-controlled diffusion
model will be used to investigate the diffusion induced elasto-plastic deformation and fracture involved in
different shapes of Si electrodes at large deformation. The importance of the hydrostatic pressure in the
diffusion process is studied. The diffusion induced anisotropic deformation in c-Si is captured with the
consideration of different E_0 in different crystalline directions. This anisotropic deformation is shown to be
related to the fracture of c-Si anode. We also investigate the size effect and Li concentration on the fracture
behavior of Si electrodes. Finally, our numerical simulation results are compared with the existing
experimental data and numerical simulations.
A Mixed Strain/Displacement Finite Element Formulation for Fracture Computation in Blast and
Impact Coupled Fluid-Solid Problems
Orlando Soto1, Joseph Baum1, Rainald Lohner2
1
Applied Simulations Inc., 2George Mason University
Theoretical modeling and computational resolution of the strain localization process up to structural failure
remained an open challenge in computational solid dynamics (CSD). To date, most attempts to model
discontinuities with standard local approaches produce non-physical solutions, which are fully determined by
mesh resolution and orientation. Cervera et al. (see [1]) showed this must be due to the poorly numerical
approximation that is obtained if irreducible formulations are used (standard displacement formulations). The
previous statement may be simply explained by taking into account that in irreducible formulations, the strain,
which is the variable of most interest for fracture prediction, are obtained by differentiation of the fundamental
unknowns (the displacement field). Hence, if linear (or tri-linear) finite elements (FE) are used, the strain field
has a theoretical convergence of order O(h) in L2-norm (h is the mesh size). Therefore, the strain field has
zero point convergence order (in L∞-norm), which means that even though the mesh resolution is improved,
point values do not converge. Since point strains and/or stresses (values at integration points) are used to
predict material damage and element fracture, it is of no surprise that localization bands strongly depends on
the mesh size and orientation. Contrariwise, when using the strain and displacement fields as primary
variables of the formulation, the added accuracy and convergence seems to be enough to satisfactorily solve
the mentioned mesh dependency problem (see [1] and references therein).
Herein an explicit, strain/displacement, large-deformation FE formulation to deal with strong coupled
CFD/CSD (computational fluid dynamics/computational solid dynamics) problems is presented. It is widely
known that, if standard equal interpolation is used for the spatial discretization of both fields, strain and
displacement, the scheme locks and produces meaningless and not stable results since the inf-sup condition
is not fulfilled. However, equal continuous FE functions are highly desirable from a computational point of
view. Therefore, to circumvent the severe restrictions imposed by such an inf-sup condition, in this work the
weak forms of the mixed strain/displacement solid dynamic equations are obtained by a variational
multiscale stabilization (VMS) approach. Time discretization of the final continuous forms is achieved by an
explicit Newmark scheme, and the spatial one by using Q1/Q1 or P1/P1 standard FE functions. Several VMS
methods were developed in [1] for the small-deformation static solid equations, and successfully applied to
localization problems: Totally physical and mesh independent solutions were obtained where the standard
displacement formulation failed miserably.
Finally, the CSD approach is loosely coupled with the widely tested CFD code FEFLO to solve real blast
and impact problems (see [2]). Several benchmark cases and real applications will be presented.
[1] M. Cervera, M. Chiumenti and R. Codina, “Mixed stabilized finite element methods in nonlinear solid
mechanics. Part I: Formulation”, CMAME, Vol. 199, pp. 2559-2570, (2010).
[2] O. Soto, J. Baum and R. Löhner, “An efficient fluid-solid coupled finite element scheme for weapon
fragmentation simulations”, Engr. Fracture Mech., Vol. 77, 549−564, (2010)
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Hearst 290 – Composites
Finite-element Modelling of Graphene-Reinforced Nanocomposites: Introduction of Quantitative
Microstructural Data
Osman Bayrak, Vadim V. Silberschmidt, Emrah Demirci, Loughborough University
In the last decade graphene has become an increasingly important object of materials science, being
potentially one of the best-performing reinforcement materials for nanocomposites. Besides its main physical
excellent properties such as stiffness, conductivity and transparency, it can outperform many other known
nano-reinforcements in boosting mechanical performance of polymer materials.
To study a novel material with a challenging microstructure within the framework of mechanics of materials,
numerical modelling is often a most suitable tool. Most studies of graphene-reinforced nanocomposites
based on numerical simulations consider qualitative microstructural data to develop the respective models
since it is difficult to characterise quantitatively a material with nano-reinforcements. In this study, a finiteelement model (FEM) of such a material is developed to analyse a flake-pull-out mechanism employing
optical microscopy for quantification of microstructure. Currently, the FEM considers only the elastic
behaviour in this study. The simulation results look promising when compared with experimental data
obtained with tensile tests. The FEM-based studies are also supported with nanoindentation analysis. At the
next stage, this FEM technique is to be extended to accommodate the plastic deformation as well.
Thermal-conduction Modeling of a Composite Material Embedded in a Concrete Substrate
Thushara Siriwardanage, Yail Jimmy Kim, University of Colorado, Denver
This research presents a predictive investigation into the thermal-conduction behavior of near-surface
mounted (NSM) carbon fiber reinforced polymer (CFRP) composites embedded in a concrete substrate.
Provided polymeric adhesives are broadly used for such a structural application, temperature-dependent
bond performance of NSM CFRP is of significant interest. Attention is paid to evaluating a heat progression
mechanism across the NSM CFRP-concrete interface in a simulated fire scenario, up to elevated
temperatures of 200°C. Three-dimensional finite element models are developed to understand material-level
heat conduction. To validate the simulated results, a non-contact infrared thermal imaging technique is
employed. Temperature-dependent interfacial behavior is characterized and its effect on mechanical
responses is examined.
3D meso-structure Modelling of Concrete for Failure Analysis in Tension and Compression
Xiaofeng Wang, Andrey P. Jivkov, University of Manchester
A method for deformation and failure analysis of heterogeneous materials is presented. It is based on
numerically generated synthetic 3D meso-structures, which in the case of concrete include three phases –
aggregates, matrix and pores. The construction is controlled by prescribed meso-structure characteristics,
such as the shape, size, volume fraction and spatial distribution of the aggregates and pores. Generation of
free surfaces, i.e. material failure, is allowed along zero-thickness cohesive elements introduced at the
interfaces between every pair of neighbouring continuum solid elements. Different cohesive constitutive
behaviours, i.e. non-linear traction-separation relations, are assigned to the matrix, the aggregates, and the
interfaces between these. This improves the physical realism and allows for parameter identification via
comparison of predicted and experimentally observed crack paths. Models are meshed automatically, and
extensive Monte Carlo simulations (MCS) of uniaxial tension and compression tests were carried out to
investigate the effects of the meso-structure characteristics on the mechanical behaviour of concrete
statistically. The results indicate that porosity, which has generally been ignored in previous meso-structure
models, has a substantial effect on the concrete macroscopic behaviour. The fracture behaviour and stressdisplacement responses of the numerical specimens are highly dependent on the random meso-structures,
especially the post peak softening responses. Further, comparisons with 2D results are presented to
demonstrate the significance of the 3D nature of crack paths on the macroscopic responses of concrete.
Bechtel 240 – Phase-Transforming Materials
A Thermodynamics-Based 3D Model for the Magneto-Mechanical Behavior of Magnetic Shape
Memory Alloys
Heidi Feigenbaum, Douglas LaMaster, Constantin Ciocanel, Northern Arizona University
Magnetic shape memory alloys (MSMAs) are interesting materials because they exhibit large recoverable
strain (up to 10%) and fast response time (higher than 1 kilohertz), making them suitable for use as
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actuators, sensors, and power harvesters. MSMAs are comprised of martensitic variants with tetragonal unit
cells and a magnetization vector that is approximately aligned with the short side of the unit cell in the
absence of an external applied magnetic field. These variants reorient either to align the magnetization
vector with an applied magnetic field or to align the short side of the unit cell with an applied compressive
stress. This reorientation leads to a mechanical strain, which can be used for actuation, and an overall
change in the material’s magnetization, which can be exploited in applications to make sensors and power
harvesters.
This work generalizes previous thermodynamic-based models for the magneto-mechanical behavior of
MSMAs so that 3D loadings can be simulated. The 3D nature of the model requires that the three variants,
associated with the three orthogonal directions, be all allowed to evolve. In addition, in order to account for
experimentally documented behaviors within the MSMA, this model captures the independent evolution of
the domain volume fraction in each variant, as well as the rotation of the magnetization vector away from the
easy axis toward the other two perpendicular directions within each variant. The model derivation is based
on sufficient conditions for the satisfaction of thermodynamic requirements.
When simplified to 2D, the resulting model requires significantly fewer material parameters th an previous
efforts, making this model more physical and less empirical than other models. Model predictions are
compared with experimental data from a wide variety of 2D magneto-mechanical load cases. Overall, model
predictions correlate well with experimental results. Additionally, methods for calibrating demagnetization
factors from 2D empirical data are discussed, and results indicate that using calibrated demagnetization
factors can improve model predictions compared with the same model using closed-form demagnetization
factors.
On the Influence of Homogenization Assumptions in Phase Field Theories
Joern Mosler, Alexander Bartels, TU Dortmund
Phase field theory is an efficient approach for analyzing evolving microstructures in a broad variety of
different materials. For example, microstructures in Ni-based superalloys, twin structures in martensites or
precipitation in Al-alloys can be realistically captured. Certainly, the predictive capabilities significantly
depend on the underlying constitutive model. While the derivation of physically sound models for the bulk
materials is usually relatively straightforward – as a matter of fact, well established models are usually
employed – defining appropriate models for the (diffuse) interfaces is far from being trivial. According to the
literature, diffuse interface models can be subdivided into two different classes. Within the first, an effective
bulk's energy is a priori postulated, while it follows from homogenization assumptions applied to the
surrounding bulk phases within the second class. Phase field models falling into the latter class are analyzed
in this talk. Two be more precise, a unified framework based on incremental energy minimization is
elaborated which encompasses the Voigt/Taylor, the Reuss/Sachs and a recently proposed homogenization
assumption based on partial rank-one convexification. The incremental energy minimization framework
covers Allen-Cahn as well as Cahn-Hilliard-type phase field models. Independently if an Allen-Cahn- or a
Cahn-Hilliard-type model is considered, it is shown that the choice of homogenization assumption indeed
affects the predicted microstructure.
An Unconditionally Stable Time-integration Scheme for Problems of the Mechano-chemical Spinodal
Decomposition
Koki Sagiyama, Krishnakumar Garikipati, Shiva Rudraraju, University of Michigan, Ann Arbor
Many multi-component solids undergo phase-transformations that are driven by diffusional redistribution of
their different components coupled with a structural change of the crystallographic unit cell. We here
consider an important class of such phase-transformations that is modeled by the mechano-chemical
spinodal decomposition. The classical spinodal decomposition is characterized by a chemical free energy
that has two wells separated by the "spinodal region." The free energy being concave in the spinodal region
with respect to the local concentration of a component, solids with initial concentration in this region
experience redistribution of their components to form two separate phases. In the mechano-chemical
spinodal decomposition this redistribution of the components is accompanied by the crystallographic
structural changes; as the local concentration increases, the mechano-chemical free energy undergoes a
continuous transition from convex functions to locally concave functions with respect to appropriate
measures of strain, the cubic phase losing stability and transforming into one of three stable tetragonal
phases. The concavity in the free energy with respect to concentration and strain respectively lead to illposed PDEs for transport, characterized by negative diffusivity, and for mechanical equilibrium,
characterized by stress softening. Numerical computations with such PDEs show pathological mesh-
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dependencies of the computed phase regions, which fail to converge with mesh refinement. This illposedness is eliminated by extending the free energy to include dependences on concentration gradients
and strain gradients. The resulting PDEs are the Cahn-Hilliard equation and Toupin's formulation of gradient
elasticity at finite strains, both of which have fourth-order spatial derivatives. Due to these higher-order
derivatives we employ the isogeometric analysis for our numerical simulations. This approach was adopted
for general boundary value problems in three dimensions for Toupin's theory in (Rudraraju et al., Comput.
Methods Appl. Mech. Engrg., 278:705, 2014). Motivated by the work of (Gómez et al., J. Comput. Phys.,
230:5310, 2011), in which a class of unconditionally stable second-order time-discretization methods was
proposed for the Cahn-Hilliard equation, we in this work develop a time-integration scheme for the coupled
system of the Cahn-Hilliard equation and the strain gradient elasticity that is also second-order and
unconditionally stable and demonstrate its ability to solve challenging problems by numerical examples. To
our knowledge this is the first stable time-integration scheme for mechano-chemical phase-transformation
problems.
On Polymorphic Phase Changes Occurring via an Incoherent Intermediate State
Stephen Morris, University of California, Berkeley
The distinction between coherent and incoherent interfaces is commonly held to disappear for a spherically
symmetric system. Experiments performed over the last decade by several independent groups have led us
to re--examine that view. In the experiments, spheres or, in some cases, cubes were machined from single
crystals of San Carlos olivine, then subjected to a constant pressure exceeding the coexistence pressure of
the olivine and spinel phases. For experiments performed on spheres, the rim is nearly annular, and the
system, spherically symmetric. The interface speedis time--dependent: following rim formation by rapid
nucleation at the sample surface, the rim of product grows into the host at arate decreasing strongly with
time; in fact, in some cases, the interface ceases to propagate, leaving host and product in apparent
equilibrium. Microstructural evidence shows the interface to be incoherent. We wish to model, and interpret,
those observations, so the results can be applied to Earth's deep interior. But, even with the simplifying
assumption of Hookean phases, care is required in formulatingthe constitutive relation. To isolate the key
issue, we assume each phase to be isochoric; the only density difference now occurs across the interface,
and is time--independent. Because the displacement field is spherically symmetric, the strain field is
kinematicallydetermined, and we find that the maximum deviatoric strain occurs within the product rim, just
outside the interface. That deviatoric strain occurs as the interface propagates across a material element; it
is compressive because the product is denser than the host. However, the increment of strain experienced
by an element subsequent to transformation is tensile. To show the significance of the distinction between
total deviatoric strain, and subsequent deviatoric strain, we consider two constitutive formulations: (a)
deviatoric stress proportional to total deviatoric strain; (b) deviatoric stressproportional to subsequent
deviatoric strain. Case (a) corresponds to a coherent interface because a material element remembers the
deviatoric strain occurring during transformation, whereas (b) corresponds to an incoherent interface. When
strain energy is included in the thermodynamic formulation, the models predict quite different behaviour. For
(a), no transformation occurs unless the applied pressure exceeds the coexistence pressure by a critical
value; the interface then propagates without stopping. This prediction is not consistent with observations of
product rims in equilibrium with the host phase. For (b), by contrast, a rim can coexist with the host whenever
the applied pressure exceeds the Clapeyron pressure; equilibrium rim thicknessincreases continuously with
applied pressure. This behaviour is consistent with the observations for small excess pressures, but for
largerpressures, creep must also be included. We show that, even then, the qualitative behaviour of the
interface depends on whether it is coherent or incoherent.
Sibley Auditorium – Electronic Materials
Static and Dynamic Analysis of Heterogeneous Dielectric Elastomers
Markus Klassen1, Bai-Xiang Xu2, Ralf Müller1, 1TU Kaiserslautem, 2TU Darmstedt
Dielectric elastomers (DE’s) have been considered in the latest years in the development of actuators known
as dielectric elastomer actuators (DEA’s). Basically they consist of a dielectric film which lies between a pair
of compliant electrodes. By the application of a potential difference on the electrodes, the dielectric is
polarised leading to an electrostatic volume force which deforms the material. Some of the advantages of
this type of actuator are that they are flexible, noiseless and lightweight. Also the production costs are
considerably low. Because of their large deformation range at reduced actuation forces they are often
implemented as artificial muscles. Inchworm robots and airships which move like a fish are some examples
where DEA’s fulfil the role of artificial muscles. Haptic displays, which are used to form braille characters, are
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also an interesting application example. In general DE’s are interesting for actuations where large thin
surfaces are required. Furthermore, they can also be used for energy harvesting.
One of the disadvantages of DE’s is the low relative electric permittivity which leads to a reduced
electromechanic coupling. This challenge can be handled with the inclusion of ceramics with high permittivity
in a DE matrix. Also the stability of DE’s is an important issue, since this limits the maximal compression of
the material during the application of an electric field. From the numerical simulation point of view, the
element formulation requires special attention, since the elastomer is a nearly incompressible material. The
simulation of the dynamics is also very interesting because of the nonlinear character of elastomers.
The presentation begins with a motivation based on practical applications of DEA’s. Afterwards the
fundamental concepts and equations for the electromechanic coupled problem are introduced. Then the
implementation in the FEA context is presented. In this part the focus lies on the consideration of mixed
elements to handle the quasi incompressibility of the material. Also the implementation of the DE dynamics is
explained. Subsequently the results of numerical simulations are shown. Here an analysis of a DE matrix
with ceramic inclusions is performed. Furthermore the results of the dynamic analysis are compared with a
1D solution. Finally some concluding remarks are given.
Modeling Mechanical Stresses and Dislocations in III-nitride Semipolar Layered Electronic Structures
Alexey Romanov1,2, Andrei Smirnov1, James Speck3, 1ITMO University, Saint-Petersburg, RUSSIA; 2Ioffe
Institute, Saint-Petersburg, 3UC-Santa Barbara
We report on the results of strain-stress state modeling in wurzite III-nitride layered heterostructures grown in
semipolar (including polar and nonpolar) orientations. It is demonstrated that the shear stresses on the
unique inclined (0001) basal plane and on prismatic {10-10}-type planes do not vanish for semipolar growth
geometries. This leads to the onset of relaxation processes in semipolar III-nitride heterostructures via
dislocation glide in the basal slip systems and in some cases also in prismatic slip systems and to the
formation of MDs with elementary basal plane Burgers vectors at the heterointerface. The MatthewsBlakeslee critical thickness for MD formation in semipolar and nonpolar III-nitride layers is calculated for
dislocations originated form basal and prismatic slip. It is predicted that the component of the MD Burgers
vector normal to the film/substrate interface will cause the crystal lattice tilt in the epilayer with respect to the
substrate. The screw in-plain component of Burgers vector for MD dislocations originating from prismatic slip
will be responsible for the formation of the domains with uniform shear in the epilayer.
The reported modelling results are supported by extensive experimental data on stress relaxation in typical
III-nitride (InAlGaN) heterostructures grown both in polar, nonpolar and semipolar orientations.
Constitutive and FE modeling of Residual Stresses and Kirkendall Effect in Semiconductor
Structures
Pawel Dluzewski, Marcin Mazdziarz, Piotr Tauzowski, Institute of Fundamental Technological Research
(IPPT PAN)
The interdiffusion of chemical components coupled with vacancy movement can cause void formation and/or
spinodal decomposition in crystal growth. In the case of SiC growth on Si, the higher mobility of Si atoms
compared to C results in the migration of SiC/Si interface and formation of voids in the substrate in some
thermodynamic conditions. In the case of In-rich InGaN layers deposited on GaN a precipitation of metallic
indium bordering with voids is observed.
In the current approach we consider interdiffusion, lattice distortion and chemical maps extracted from
HRTEM images of SiC/Si and InGaN/GaN. Dislocations and void surface are treated as local regions of
nucleation and annihilation of the vacancies transporting the mass in FE mesh. In result, the interface and
FE mesh are convected with the crystal lattice drift. In the constitutive modeling applied [1] the lattice strain
and the atom fraction of chemical component are used as two independent thermodynamic variables. Due to
climbing of misfit dislocations the plastic distortion tensor field is taken into account in the form of additional
nodal variables. This tensor field is spanned on corner nodes of Lagrangian finite elements (FE) which gives
the possibility for reconstruction of the atomistic model of dislocation network interpenetrating the considered
FE mesh [2,3].
The chemo-mechanical coupling is based on the use of Vegard's law formulated in terms of Biot strain. Due
to the logarithmic strain applied in hyperelastic modeling, some transformation rule is considered for
Vegard's law. This rule allowed us to eliminate artificial residual stresses yielding from incompatibe fields of
the atom fraction and plastic distortions spanned on nodes by means of shape functions [2]. In the case of
single finite elements, the mentioned approach allowed us to reduce spurious stresses in integration points
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from the level 100 MPa to 10^-5 MPa, while at the same time holding the stress components yielding from
Vegard's law at the level of 1 GPa (relaxed by plastic distortions).
Acknowledgment: This research was supported by the projects: N N519647640 and SiCMat financed by the
Ministry of Science and Higher Education in Poland and European Founds for Regional Development,
respectively.
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On the Influence of Ferroelectric Polarization States on the Magneto-electric Coupling in Two-phase
Composites
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Matthias Labusch , Jörg Schröder , Marc-André Keip , Doru C. Lupascu
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University of Duisburg-Essen, University of Stuttgart
Coupling between electric and magnetic fields enables smart devices and may find application in sensor
technology and data storage [1]. Materials showing magneto-electric (ME) coupling properties combine two
or more ferroic characteristics and are known as multiferroics. Since single-phase materials show an
interaction between polarization and magnetization at very low temperatures and at the best a too small ME
coefficient at room temperature, composite materials become important. These ME composites consist of
magnetically and electrically active phases and generate the ME coupling as a strain-induced product
property. It has to be emphasized that for each of the two phases the ME coupling modulus is zero and the
overall ME modulus is generated by the interaction between both phases. Here we distinguish between the
direct and converse ME effect. The direct effect characterizes magnetically induced polarization, where an
applied magnetic field yields a deformation of the magneto-active phase which is transferred to the electroactive phase. As a result, a strain-induced polarization in the electric phase is observed. On the other hand,
the converse effect characterizes electrically activated magnetization. Several experiments on composite
multiferroics showed remarkable ME coefficients that are orders of magnitudes higher than those of singlephase materials. Due to the significant influence of the microstructure on the ME effect, we derived a twoscale finite element (FE2) homogenization framework, which allows for the consideration of microscopic
morphologies [2,3]. A further major influence on the overall ME properties is the polarization state of the
ferroelectric phase. With this in mind, a material model is implemented that considers the switching behavior
of the spontaneous polarization [4] and enables a more exact comparison to experimental measurements in
[5].
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