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Abstract/Résumé

Modeling of electromechanical interactions in architected media in the framework of
generalized continua
Abstract
The objective of the thesis is to address in a theoretical and numerical way the homogenization of periodic
architected and composite media with multiphysical behavior, in the context of generalized continua. The
manuscript is thus decomposed into two parts that explicitly cover these issues.

The first part of the manuscript deals with the homogenization of periodic and quasi-periodic media
towards a strain gradient effective continuum. A discrete homogenization method is applied for
architected periodic materials, leading to the elaboration of higher order effective properties in the form
of analytical expressions depending on the edge length of the unit cell. The use of a strain gradient
formulation allows the quantification of the edge effects (surface effects in 3D) of architected materials.
Moreover, a quasi-periodic homogenization is developed from a volumetric expression of the energy and
relying on the notion of shape derivative to determine the quasi-periodic effective properties based on the
periodic domain being transformed.

The second part of the manuscript integrates multiphysical aspects in the homogenization approaches
towards generalized continua. The theory of piezoelectric and flexoelectric homogenization is elaborated
in the context of periodic homogenization, employing a variational formulation in combination with
the extended Hill macro-homogeneity condition. This is followed by numerical applications for the
homogenization of piezoelectric composites and architected materials as well as wave propagation
analysis. Moreover, homogenization towards Cosserat (micropolar) effective continuum is addressed for
the magnetoelastic heterogeneous solids.

Keywords: Homogenization, Piezoelectricity, Flexoelectricity, Magnetoelasticity, Strain Gradient

Medium, Effective Cosserat Medium, Quasi-periodicity.



Modélisation des interactions électromécaniques dans les milieux architecturés par la
mécanique des milieux continus généralisés
Résumé
La theése a pour objectif d’aborder de fagon théorique et numérique ’homogénéisation de milieux
architecturés et composites périodiques présentant un comportement multiphysique, dans le contexte des
milieux continus généralisés. Le manuscrit est donc décomposé en deux parties qui couvrent explicitement
ces questions.

La premiére partie du manuscrit traite 'homogénéisation des milieux périodiques et quasi-périodiques
vers un continuum effectif a gradient de déformation. Une méthode d’homogénéisation discrete est
appliquée pour les matériaux périodiques architecturés, conduisant a 1’élaboration des propriétés effectives
d’ordre supérieur sous forme d’expressions analytiques dépendant de la longueur du bord de la cellule
unité. Le recours a une formulation a gradient de déformation permet de quantifier les effets de bord (les
effets de surface en 3D) de matériaux architecturés. En outre, une homogénéisation quasi-périodique est
développée a partir d’une expression volumétrique de 1’énergie et en s’appuyant sur la notion de dérivée
de forme pour déterminer les propriétés effectives quasi-périodiques basées sur le domaine périodique
transformé.

La deuxieme partie du manuscrit intégre des aspects multiphysiques dans les approches
d’homogénéisation vers les continuums généralisés. La théorie de I'homogénéisation piézoélectrique
et flexoélectrique est élaborée dans le contexte de 1’homogénéisation périodique, en employant une
formulation variationnelle en combinaison avec la condition de macro-homogénéité de Hill étendue.
Ceci est suivie par des applications numériques pour 'homogénéisation des composites piézoélectriques
et des matériaux architecturés ainsi que pour l'analyse de la propagation des ondes. En outre,
I’homogénéisation vers le continuum effectif de Cosserat (micropolaire) est abordée pour les solides
hétérogenes magnétoélastiques.

Mots clés: Homogénéisation, Piézoélectricité, Flexoélectricité, Magnétoélasticité, Milieux & gradient de

déformation, Milieu effectif de Cosserat, Quasi-périodicité.
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Chapter 1

General introduction

Multiphysical aspects refer to the interplay of multiple physical phenomena that occur simultaneously in
a system or material. These phenomena can include mechanical, thermal, electrical, magnetic, chemical,
and biological processes. Among different multiphysical phenomena, electromechanical and magneto-
mechanical couplings, that relate respectively the electrical, and magnetic fields with mechanical fields,

have been attracting alot of attention. The next subsections will be dealing with these two aspects.

1.1 Piezoelectricity and flexoelectricity

Electroactive materials have the ability to convert mechanical energy into electric energy and vice versa,
making them widely used in modern technologies (as shown in Fig. 1.1 [1]). Energy harvesting is a primary
application of these materials, which involves generating electrical power from mechanical sources like
vibrations from machines, wind, ocean waves, and movements of the human body, among others [1].
Another application of electroactive materials is to convert the mechanical energy into electric energy
which is used widely in sensors and measuring devices. On the other hand, applying electric fields to these
materials can produce precisely controlled mechanical forces that can be used for actuation in various
fields, such as motors, robotics, biomedical devices, and personal electronics, among others.
Piezoelectricity is a widely recognized and frequently utilized form of electromechanical coupling, where

electric polarization p and mechanical strains € are coupled linearly as follows:
i = diijei;

wherein d is the piezoelectric tensor. Piezoelectric ceramics exemplify this phenomenon, where these
materials become polarized when subjected to deformation and deform when an electric field is applied.
Fig. 1.2(a) [2] explains using an ion-model how piezoelectricity arises when subjected to tension or
compression, where the electric dipole moment changes due to a shift between the negative and positive

ion centers of gravity. Piezoelectricity is limited to non-centrosymmetric dielectric crystals.
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Figure 1.1 Energy harvesting sources (left) and applications of sensing and actuating (right) that can be used

for piezoelectric devices [1].

On a smaller scale such as micro and nano-levels, there are other effects that need to be considered.
One of these electromechanical couplings that has received less attention and is a main subject of this
thesis is flezoelectricity [3].

Flexoelectricity involves the coupling between strain gradients and electric polarization [4,5]. The direct
flexoelectric effect refers to the polarization of a material resulting from non-uniform deformation such

as bending or twisting [6]. This effect can be mathematically represented as:

8sij
b= flzjkaixk

with f being the flexocoupling tensor. As shown in Fig. 1.2(b) [2], when the crystal undergoes bending,

a non-zero dipole is generated even if the structure is centrosymmetric.

|e‘ Strain o Stress e Electric field p Polarization
(" 'S .
Piezoelectricity .f:“ f11gt Flexoelectricity
Py dy;e;; A e P> frijx %
A - & L -
Li S E1EEExZ
et ° Linear e
@ Two-way coupling b o AR o T |
R ~ o-way couplin,
O Reversibility & W wy uping
X o Reversibility
o Only non-centrosym- ———— ) )
metric dielectrics Trtttttt @ All dielectrics
(a) (b)

Figure 1.2 Schematic presentation of Piezoelectricity (a), and flexoelectricity (b) in dielectric crystals [2].



1.1. Piezoelectricity and flexoelectricity

Flexoelectricity appears to be a promising phenomenon for modern technologies due to its advantageous
properties such as reversibility, and two-way coupling. However, and as shown in Fig. 1.3 [3], it has only
recently started gaining attention. This is because the flexoelectric material constants are usually very

small, which requires sufficiently large strain gradients to trigger a significant flexoelectric effect.
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Figure 1.3 Evolution of the number of research publications on flexoelectricity[3].

After the theoretical predictions made by Mashkevich and Tolpygo [7], Bursian and Zaikovskii [8] were
the first to observe the flexoelectric effect through experimental means in 1968. Since then, it has been
found in various materials such as biomaterials which include viruses [9], and cellular membranes [10,
11], soft materials including polymers [12-17] and liquid crystals [18,19], as well as atomically-thin
nanomaterials such as carbon nanotubes [20] or graphene [21].

The flexoelectric effect is widespread in nature. This can be shown in the noteworthy biological examples
such as the mammalian hearing mechanism (see Fig. 1.4 [22]). Hair cells serve as the main sensory
receptors in the auditory system, converting the mechanical vibrations of sound into detectable electric
signals. While there is still some uncertainty about the underlying mechanism, one plausible explanation
is that the stereocilia found in inner hair cells may be responsible for flexoelectricity [10,22-24].

Another interesting application of flexoelectricity in biology was found to be in the human bone self-
healing (see Fig. 1.5 [25]). According to [25], micro-cracks present in bones produce significant strain
gradients, which cause an electric field to develop in the area surrounding the affected region due to the
flexoelectric properties of the bone mineral hydroxyapatite.

This electric stimulus generated by the cracks is strong enough to prompt osteoblasts to become active

in the damaged regions, thereby initiating the process of repairing the micro-cracks.
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Figure 1.4 The flexoelectricity in the hearing mechanism of mammals is described, where hair bundles comprised
of multiple stereocilia connected by thin fibers are organized in rows of decreasing height. Bending the hair bundle
towards the tallest or shortest row causes the cellular inner environment to become more positively or negatively
charged, respectively. This bending process leads to a voltage difference across the thickness of the stereocilia

membrane due to the flexoelectric response of the cellular membrane [22].

Figure 1.5 Flexoelectricity in human bones; significant strain gradients can be observed around micro-cracks
in the bone mineral leading to a gradient-induced electricity (i.e., flexoelectricity) in the vicinity of these defects

which is also significant [25].

1.2 Magnetoelasticity

Besides the studies done on the different electromechanical coupling effects, many were focusing on the
magnetoelastic coupling which refers to the interconnection between the magnetic and elastic fields [26].
The magnetoelastic coupling is apparent in different materials, such as magnetostrictive materials. These
materials belong to the broader category of smart materials that can alter their properties, shape, or

dimensions when exposed to an external field (magnetic field).
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One of the applications of magnetostrictive materials that exemplifies the concept of magnetoelasticity
is the acoustomagnetic tags used by shops to prevent shoplifting (see Fig. 1.6 [26] [27]). Typically, they
comprise a thin, amorphous metal strip with magnetostrictive properties that respond to an external
magnetic field through vibrations.

The detectors emit a magnetic signal that matches the resonance frequency of the metal strip in the tag,
inducing a vibration in it that leads to a modification of its magnetization. The detectors react to this

alteration with an AC voltage, which ultimately triggers the alarm.
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Figure 1.6 (a) Acoustomagnetic tag with the its magnetic strips [26], (b) System of detection of the tag[27].

Furthermore, magnetoelasticity is present in magnetoelastic sensors (MES), which are extensively
studied for their wide range of applications, particularly in the biomedical field. MES rely on the inverse
of the magnetoelastic effect whereby exposure to mechanical stress results in a corresponding alteration
in their magnetic permeability [28]. Various applications of this approach have been reported, such as

monitoring bone plate strain as shown in Fig. 1.7(a) [29] , and monitoring force exertion on artificial bone

(Fig. 1.7(b) [30]) [31]. 2l
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Figure 1.7 (a) The repair model of sheep tibia, (b) application of the artificial bone [30].
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1.3 Composites and architected materials: the foundation of
different applications

The development of novel material with unique properties has led to significant advancements in
engineering. Composites and architected materials are two such materials that have revolutionized the
field of materials engineering and have become the base materials in many multiphysical applications
because of their ability to offer high mechanical performance (such as strength, energy absorption capacity,
acoustic and thermal insulation properties), while maintaining a low weight.

Over the past 35 years, there has been a growing interest in piezoelectric composites due to their
application in various fields of engineering [32]. This has led to the creation of novel mechanical structures
that are used in advanced technological devices [33,34]. The diverse uses of piezoelectric composites have
accelerated the progress of mathematical, experimental, and computational models that pertain to the
analysis of these materials’ properties [35-37].

The term "architected materials" was first introduced in [38] as a means to connect the methods of
topology optimization [39], which are used to design lightweight, high-performance, and aesthetically
pleasing materials, with the field of structural engineering. By modifying the inner topology of architected
materials, it becomes possible to achieve novel behaviors of the effective medium without even changing
the chemical composition of the base materials.

This technological development has become possible thanks to the fast advancements of additive-
manufacturing techniques. One key property is Poisson’s ratio, which is sometimes used as a metric
for material properties. Materials with a negative Poisson’s ratio, known as auzetic materials, have
exceptional dynamic and static properties, such as high resistance to shock and impact, and the capability
to mitigate sound waves and vibrations. Such materials can also show promising electromechanical
properties in comparison to the bulk material as elaborated in [40-42]. Fig. 1.8 [43] shows a collection of
periodic architected materials with either positive or negative Poisson’s ratios.

Architected materials (and composites) intended for use in engineering applications are typically
characterized by a unit cell, which is considered as the fundamental building block of the material and is
used to construct the entire structure with the concept of periodicity.

Starting from the mechanical behaviour at the level of the unit cell, by incorporating the microstructural
information, one can reach the desired properties at the mesoscopic or macroscopic scales. It is crucial
to create predictive micromechanical models that can help understand how the current microstructure
affects mechanical responses on both the mesoscopic and macroscopic levels. These models will allow the
connection between different scales and establish the relationship between the equivalent properties and

both the structure’s mechanical and geometrical properties.
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[43).

1.4 Mechanics of generalized continua and enriched continuum
models

Classical continuum mechanics uses only the first gradient of the displacement field to measure a body’s
deformations, disregarding higher-order displacement gradients. However, this approach is inherently
size-independent, whereas materials may display non-local behaviors and exhibit a size dependency
at a small scale due to their discrete nature, according to [44]. The validity of first-order Cauchy-
based theories is limited to situations where there is a clear separation of scales, but they fail when
dealing with small structural sizes, such as in MEMS, where the micro and macro structures become
comparable in size. This failure occurs in scenarios where the wavelength of the loading is comparable
to the size of the microstructure, or when deformation becomes localized within narrow bands due to
strain softening. The width of these bands depends on microstructural length scales such as the size
and distance between internal defects. Classical continuum theories, which lack internal length scales,
are incapable of describing these localization phenomena adequately. Moreover, finite element (FE)
simulations often exhibit a spurious mesh dependency, preventing them from accurately resolving the
width of the localization bands.

Additionally, classical continuum mechanics is limited and cannot fully explain many mechanical and
physical phenomena [45]. In the context of multiphysical phenomena, for instance electromagnetism,
the presence of an electromagnetic source term leads to a non-symmetric stress tensor, thus requiring to
extend the framework of Cauchy mechanics (that relies on a symmetrical stress tensor) to the context

of so-called generalized continua [46]. The occurrence of couple body forces motivates the recourse
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to a micropolar description of the magneto-mechanical response. The displacement of mobile electric
charges within crystals due to e.g. bending leads to a polarization, a phenomenon deserving the name
flexoelectricity. Flexoelectric solids couple the gradient of strain to the electric field and reciprocally
the gradient of the electric field will induce a stress. The occurrence of multiphysical phenomena has
led many authors to develop different generalized continuum models, including Cosserat [47-50], strain
gradient [51] and micromorphic ones [52], an overview of these theories being exposed in [46].

Homogenization towards generalized continua (beyond Cauchy) aims to address the limitations of a
strict scale separation and broaden the range of validity of the continuum approach beyond the restricted
assumption of the scale separation [53,54]. The definition of a generalized continuum can be extended
through two main approaches, based on the classification into two main categories, namely the higher-
order and higher-gradient continua, as shown in the illustration in the Fig. 1.9 [55].

Higher-order continua introduces further degrees of freedom, such as the Cosserat medium developed
by the Cosserat brothers [56] and the micromorphic medium which is considered the most advanced
generalized continuum theory [53, 54, 57-60]. In Cosserat elasticity, local rotations are included as
additional degrees of freedom [56]. In the micropolar theory, interactions between material points through
a surface element involve a force vector and a moment vector. This theory defines the "force-stress"
tensor and the "couple-stress" tensor, respectively, as force per unit area and moment per unit area. The
momentum balance indicates that the stress tensor in micropolar media is not symmetrical as in classical
theory due to the imbalance of local moments produced by the microstructure. The non-symmetric
stress tensor can be separated into two parts: a symmetrical part that leads to deformation of the macro-
element, and a skew-symmetric part that contributes to the rigid rotation of the microstructure relative
to the material.

On the other hand, higher-gradient continua involve incorporating higher gradients of the primary
kinematic variable (such as strain or displacement) or internal variables (such as plasticity or damage)
as additional variables in the formulation [61-66]. Of the various effective substitution media available
(such as micromorphic, Cosserat strain-gradient, etc.), the strain gradient elastic continuum proposed by
Mindlin [53] and Mindlin and Eshel [67] has several benefits, as highlighted in [68]. This model is capable
of representing emergent properties without the need for the micromorphic medium, which has a greater
number of inherent parameters [69], and can be constructed using asymptotic homogenization [62,70,71].
There has been a significant amount of research on the topic of strain gradient homogenization for over
40 years [55, 66, 71-73]. This research has covered a range of materials, including auxetic architected
materials [74], composites with periodic or random microstructures [75], and random fibrous media [76].
Boutin [62] and Smyshlyaev and Cherednichenko [63], demonstrated the convergence of the asymptotic
expansion of the solution, and then Tran et al. [71] developed a more systematic method for determining

the strain gradient elastic moduli based also on asymptotic expansions of the fields.
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Figure 1.9 Illustration showing the classification of generalized continua into higher order and higher-grade

media [55].

The existence of a couple C per unit volume in electromagnetic materials has often been suggested as

a reason to take into account non-symmetric stress tensors [46];
C=PxE+MxH

wherein P and M are respectively the electric polarization and magnetization per unit volume; E and
H are the electric and magnetic fields respectively. This idea was the primary motivation behind
the introduction of the generalization of continuum mechanics and the need of enriched continuum
theories [77,78]. In some cases of electroelastic and magnetoelastic couplings (which are known as the
couplings of energetic origin), the standard balance equations of mechanics are not altered while only
the energy balance equation changes. However, in more drastic consequences, electromagnetic materials
possess an electric or magnetic microstructure that, despite its microscopic nature, affects the mechanical
behavior and results in a non-symmetric stress tensor in the equation of moment of momentum that
acquires additional contributions.

Approaches that tend to model magneto-mechanical interactions, show an analogy with the formulations
of the Cosserat generalized continuum by introducing the concepts of spin and couple stress [46,79]; the
resulting equation is in the canonical form of the balance equation of angular momentum in Cosserat or
micropolar continua but with all terms having a magnetic origin [80].

Besides the need of enriched continuum theories when dealing with multiphysics, these media are needed
in situations to capture the influence of spatially rapid fluctuations at the mesoscopic and macroscopic
levels. Enriched constitutive laws may be necessary in two scenarios. Firstly, when the chosen volume
element is not representative in a statistical sense, such that individual carriers of the microstructure
are excited and averaging cannot be performed. Secondly, when topological effects generate internal
deformation modes that are not captured by a first gradient elastic theory. As we move to smaller

scales, such as the micro or nanoscale, surface effects that were previously neglected in Cauchy elasticity
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become dominant over volumetric ones, leading to the emergence of new behaviors at these scales.
Enriched continuum theories incorporate a relaxation of the local action assumption and introduce spatial
interactions and internal material-dependent length scales to consider the effect of neighboring points
when formulating constitutive equations.

In the early sixties, most generalized continuum models were purely formal and not based on actual
microstructures. Consequently, constitutive laws were developed in a phenomenological manner, without
the need to recourse to micromechanical methods. However, the situation changed significantly in the
early nineties with the development of new classes of materials such as composites, cellular solids (foams),
and architected materials, as well as advancements in computational power and fabrication techniques
like additive manufacturing. This prompted a growing interest in the mechanical and mathematical
communities to understand the relation between emergent enriched behaviors at the level of an effective

continuum and microscopic deformation modes.

1.5 Homogenization approaches in linear elasticity

To obtain the material properties of a structure on the level of the homogenized substitution medium,
multiscale or experimental analyses can be performed. However, conducting fully resolved simulations can
be computationally expensive, particularly when using full-scale finite element models [81]. Additionally,
measuring the mechanical properties of such structures through experimentation can be challenging since
the overall anisotropy must be considered. Furthermore, when there is no clear scale separation, enriched
continuum theories that involve many more constitutive parameters than Cauchy elasticity theory may
be necessary. Therefore, it is more practical to conduct homogenization towards effective models of the
microstructure as a first step which can be used to do computations at the macrostructural level [82].

In recent decades, homogenization theory has been considered an essential tool in analyzing the behavior
of highly heterogeneous materials like composites which consist of multiple constituents that differ
significantly in their properties. Several homogenization techniques depend on identifying a representative
volume element (RVE), which assumes that the RVE’s structure is present almost everywhere throughout
the structure: this means that there is a hidden pseudo-periodicity. The theory of periodic homogenization
has a significant role in explaining the overall homogenized behavior. This assumption allows for precise
mathematical results of the homogenized behavior. Sanchez-Palencia [83] was the initial developer of
these methods, primarily using multi-scale asymptotic approaches. The mathematician J.L. Lions and
his team [84] subsequently advanced these methods from a more mathematical viewpoint. However, in
the context of periodic homogenization, many of the most effective and practical concepts are attributed
to L. Tartar [85] .

For periodic composites, a commonly used method in the literature is to construct equivalent
substitution media for the repetitive unit cell at an intermediate scale. This approach provides a good

balance between accuracy and numerical efficiency for performing structural computations. Therefore, the
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effective properties obtained from appropriate homogenization schemes are influenced by the geometrical
and mechanical microstructural parameters of the composite constituents. However, this classical
homogenization approach depends on a precise scale separation assumption, which is known as the Hill-
Mandel macro-homogeneity condition [86-88].

Homogenization refers to a mathematical theory that deals with partial differential equations with
rapidly varying coefficients at the microscopic scale of individual phases in heterogeneous composites, that
are substituted at the macroscopic level with PDEs that have slowly oscillating coefficients. This allows
to establish a relation between the physical behavior of heterogeneous materials at the macroscopic level
and the behavior that takes place at the microscopic level. During the 1970s, homogenization evolved
into a specialized research field within applied mathematics [84,89-91], and a variety of approaches
were introduced, including the asymptotic expansion method [83,84,92-94], G-convergence [95], H-
convergence [85,96,97], I'-convergence [98], and two-scale convergence [99], with applications in areas
such as composite materials [100, 101] or the determination of the macroscopic limit of microscopic
systems.

Homogenization methods can handle multifield phenomena like coupled electromechanical and
electromagnetic effects, providing a quantitative understanding of the impact of microscale parameters
on the overall multiphysical composite response. Theoretical works devoted to the computation of
the effective behavior of piezoelectric composites started with Grekov et al. [102], followed by many
others [103-105] who utilized multiscale asymptotic expansion. Later on, the method of oscillating

functions was used for computing the homogenized response of stratified piezoelectric material [106].

1.5.1 A reduced modeling technique: the discrete homogenization

One can differentiate between two types of homogenization methods: continuous homogenization that is
traditionally used for composites and discrete homogenization that utilizes reduced, discrete models for
the structural elements that define the unit cell, such as a collection of beams or bars.

Discrete homogenization is a suitable method for modeling low-density lattice materials because their
internal structural elements can be modeled as a collection of beams or rods, at a lower numerical cost
compared to continuous homogenization approaches. They consider indeed a finite number of degrees of
freedom (DOF in short) and can provide closed-form expressions for homogenized moduli [107,108].

Among the discrete homogenization approaches, the so-called continualization methods presented
in [109] have attracted a lot of attention in the literature. Continualization methods of periodic lattices
rely on the idea of replacing discrete equations of motion by continuum differential equations to compute
the static and dynamic effective qualities at a continuous level [110]. These approaches rely on two
fundamental steps: (i) replacing discrete kinematics DOF with field variables that vary continuously in
time and space, and then (ii) expressing the microscopic DOF within nearby UCs through a Taylor series

expansion versus the chosen continuous DOF. The Lagrangian formulation emerged in the literature as

11
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a strategy about twenty years ago. It can be used as an alternative to the strong form description of
the lattice statics or dynamics [111-113]. By truncating the Taylor series at the first-order, an effective

Cauchy continuum can be obtained, where only the first displacement gradient is significant.

1.6 Limitations in the literature

Despite the notable achievements of generalized continuum models in describing the mechanical behavior
of microstructured solid bodies at a continuum level, they are not yet capable of accurately predicting

their mechanical response.

1.6.1 Edge and size effects of lattice materials

When the macroscopic size of the sample is reduced into a microstructural size (size of a unit cell), new
deformation mechanisms of the microstructure become apparent, expressed as interfacial and surface
effects at the sub-micron scale. Most material classes demonstrate such size effects when the volume
element being considered is too small for averaging towards a continuous medium that is meaningful.
Size reduction may lead to stronger materials, which occurs for monocrystalline materials, ceramics, or
composites. By designing architected materials at the nanoscale, it is possible to separate interdependent
properties such as weight and strength. This allows designers to push the performance limits of existing
materials.

Some experimental results on cellular solids, done on the macroscopic scale, have shown a size effect due
to the relative size of the specimen and the unit cell size [114-116]. Nevertheless, it is widely recognized
that Cauchy effective models are incapable of capturing the effects arising from these microstructural
length scales of materials [114,117-119]. Size effects observed in lattice materials are typically categorized
into two main types. The first type occurs due to the the edge of the macrodomain that is crossed by
a truncated unit cell near the surface of the specimen [114,116-119]. The second effect, known as
the micropolar effect, arises from the inadequacy of classical continuum theory in describing macroscopic
properties, such as flexural rigidity, when the lattice material’s unit cell size is not small enough compared
to the size of structural sample [120]. These limitations of classical homogenization methods can be
overcome by using enriched effective continua, such as generalized continua including either additional

degrees of freedom, such as rotation or higher gradients of fields such as displacement.

1.6.2 Quasi-periodic homogenization: the absence of strict periodicity

Quasi-periodic composites have a distinct feature that sets them apart from periodic composite materials:
their unit cell does not repeat in an exact periodic pattern throughout the structure. Instead, the
unit cell gradually changes along one or more periodicity directions, known as grading directions. This

characteristic has led to the development of functionally graded materials (FGM), which are characterized
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by a spatial variation of the geometry (and occasionally the material properties) of the microstructure
within the unit cell. Fig. 1.10 [121] demonstrates this concept, using inclusion-based composite as an
example.

One can use functionally graded materials (FGMs) with specific spatial gradients in thermal or
mechanical properties for various engineering applications, such as thermal barrier coatings or contact
surfaces [122]. When the grading in FGMs is too rapid compared to the size of the heterogeneities in the
structure, classical homogenization methods become no longer applicable, which prohibits the definition
of a statistically homogeneous representative volume element [121].

In such cases, the grading of the geometry cannot be neglected at the microscopic level, and any
representative volume element must also be graded at the micro level. However, if the unit cell
of a heterogeneous structure varies smoothly in space, the grading within adjacent unit cells can
be disregarded, so that a given unit cell does not detect that its neighboring cells have a distinct
microstructure. This feature leads to consider the homogenized behaviour locally without considering
variations in the microgeometry of successive unit cells. Only the macro grading is taken into account to
address the fact that homogenized material properties vary between unit cells in the macro-domain. In
such situations, the initially heterogeneous structure can be modeled as a graded macroscopic material
based on a field of homogenized properties that vary slowly at the macroscale. For example, layered
materials with a graded microstructure can be approximated by an equivalent FGM with continuously
varying properties at the macroscale [122-124]. This involves replacing the unit cell with a homogeneous
Cauchy type material (with behavior remaining purely local in space), but with macroscopically varying

properties (while ignoring the microstructural variation at the microlevel).

Figure 1.10 Illustration showing the quasi-periodic domain obtained from a periodic one with changing (a) the

inclusion size, (b) the inclusion spacing, and (c) the material properties [121].
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1.6.3 Difficulties in determining flexoelectric properties

Determining the flexoelectric tensor experimentally is a difficult task due to several factors. Firstly, the
measurements require high-resolution equipment capable of detecting such small values. Additionally, it
is challenging to isolate the flexoelectric effect from other physical phenomena in experiments. Moreover,
the flexoelectric tensor has a high number of independent components, adding to the complexity of the
experimental quantification [2].

Mathematical and computational models face another challenge due to the non-local nature of
flexoelectricity, which involves strain or polarization gradients. As a result, analytical solutions are
limited to simple 1D or 2D geometries. In such cases, numerical methods can be used as alternative
strategies but they usually have some limitations or inefficiencies [2]. While many approaches aimed to
model flexoelectricity from a phenomenological point of view [7,51,125,126], few contributions deal with

homogenization approaches to determine flexoelectric properties [127,128].

1.7 Addressed scientific issues and methodology

Developing enriched continuum models of solids with a microstructure, especially composites and
architected materials, requires addressing multiple scientific challenges outlined previously in the
mechanical and multiphysical areas. To address these scientific issues, this thesis introduces several
innovative aspects, which are outlined below:

e A new discrete homogenization model of periodic lattice materials is developed to upscale the
microstructural information towards an effective strain gradient continuum at the macroscopic
level;

e The scaling laws of the computed strain gradient moduli versus the absolute edge lengths of periodic
architected materials are derived in a 2D context and are confirmed based on a different method
involving the notion of shape derivative;

¢ An extended second strain gradient formulation of surface effects is proposed, generalizing Mindlin’s
approach to surface elasticity;

¢ New homogenization schemes of quasi-periodic microstructures are proposed in the context of strain
gradient theory;

¢ A novel homogenization method of heterogeneous piezoelectric microstructures is developed relying
on variational principles articulated with Hill lemma to evaluate the piezoelectric effective moduli
in the region of small strains;

e The piezoelectric homogenization is then extended to determine the flexoelectric properties, thereby
accounting for higher-gradient effects;

e A numerical algorithm is proposed and applied for the determination of piezoelectric and

flexoelectric properties of different types of composites, architected materials and wave propagation;
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e A variational based homogenization method for magnetoelastic composite materials is established

using Hill lemma, towards Cosserat effective media, in a small strains framework.
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1.8 Thesis outline

The thesis aims to bring some new developments in the field of homogenization of heterogeneous materials
prone to multiphysical phenomena, focusing on piezoelectricity and magnetoelasticity. Moreover, while
homogenization of periodic media have deserved a lot of contributions in the relevant literature, fewer
works consider micromechanical approaches to upscale the response of quasi-periodic media in the context
of higher gradient theories. The content of the manuscript accordingly reflects these two aspects tackled
into the thesis; it is divided into two parts that cover explicitly the two aforementioned scientific issues.

Part I of the manuscript deals with the homogenization of periodic and quasi-periodic media towards
a strain gradient effective continuum. This is shown, precisely, in chapter 2 where a discrete
homogenization method is applied for periodic architected materials leading to the elaboration of the
higher order effective properties as closed form expressions depending on the edge length of the window
of analysis. Whereas, in chapter 3, the idea of mapping any unit cell of the quasi-periodic domain
to a parent periodic (fixed) unit cell is introduced through a quasi-periodic homogenization. This
homogenization is developed starting from a volumetric expression of the energy and relying on the
notion of shape derivative to determine the effective quasi-periodic properties.

Part II of the manuscript accounts for multiphysical aspects in the homogenization approaches
towards generalized continua. This appears clearly in chapter 4 where the theory of piezoelectric and
flexoelectric homogenization is elaborated and followed by numerical applications for the homogenization
of piezoelectric composites and architected materials as well as wave propagation analysis in chapter 5.
Moreover, homogenization towards Cosserat (micropolar) effective continuum is addressed in chapter 6
for magnetoelastic heterogeneous solids.

Finally, in the general conclusion, we summarize the main findings and novelties of the research and

list the proposals for future developments.
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Chapter 2

Analysis of surface effects based on
first and second strain gradient

mechanics

Summary

This chapter provides an analysis of surface effects (edge effects in 2D) in the mechanical response of
architected materials modeled in the framework of strain gradient mechanics. The classical and strain
gradient properties are evaluated by relying on a dedicated discrete homogenization method to upscale
the microstructural information towards an effective strain gradient continuum at the macroscopic level.
The formulation of the strain gradient model formulated via Hill extended macrohomogeneity condition
allows a proper surface expression of the effective strain gradient kinematic and static variables. The
scaling law of the strain gradient moduli with the edge contribution is obtained from their closed-form
expressions versus the lattice microstructural parameters, and recoursing to the notion of shape derivative.
The sensitivity of the strain gradient moduli to the surface effects (through edge contribution here) is
evaluated, showing that absolute size effects are well captured by strain gradient moduli. The energetic
formulation of a second strain gradient continuum allows to revisit the notion of anisotropic surface

energy, thereby providing a generalization of Mindlin’s model [129] of surface energy.
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Chapter 2. Analysis of surface effects based on first and second strain gradient mechanics

2.1 Introduction

It is well known that absolute size effects cannot be captured by standard elasticity theory based on the
sole displacement gradient as a kinematic descriptor [130] since this theory is devoid of any internal length
scale. The generalized continuum theories developed in the early sixties together with homogenization
methods had the main objective to extend the range of validity of the classical Cauchy theory of elasticity
beyond the strict assumption of scale separation [131]. Higher-order micro-continuum theories have been
developed to account for the microstructure effects within heterogeneous solid bodies by introducing either
additional degrees of freedom - like the Cosserat medium [132] or the micromorphic medium [133] -
or additional higher-order gradients, as for the second gradient continuum [134,135], both strategies
leading to new material constants in addition to the conventional ones [129,136-148]. Those theories
introduce additional intrinsic parameters and internal length scales to correlate the microstructure to
kinematic and static variables at the macroscopic level of an enriched continuum [149,150]. Higher-order
continuum theories trace back to the works of the Cosserat brothers [151], followed by Toupin [134] and
Mindlin [129,148]; they found a proper generalized formulation in subsequent works by Germain [152]
and Sedov [153] using the virtual power method accounting for an enriched set of kinematic variables.
Recent advances in the literature have seen many homogenization approaches either towards second
gradient continuum [154-156] or Cosserat and micromorphic continua such as in [157-159]

Moreover, it is well established that unusual and novel properties of nanomaterials emerge from their
surface/interfacial properties. One well-known consequence of surface properties is the appearance of
size effects, traducing the dependency of the effective mechanical properties on the absolute size of
the considered specimen, as exemplified in [160-164]. The analysis of surface phenomena and the
formulation of models used in the context of surface-related mechanics originates in the pioneering works
of Laplace [165, 166], Young [167], and Poisson [168], who introduced surface tension for fluids and
formulated the corresponding boundary-value problems. Later on, Gibbs generalized the notion of surface
tension for solids [169]. An account of the recent state of the art in the theory of capillarity can be found
in [170,171]. Gurtin and Murdoch [172,173] elaborated a model of surface elasticity for elastic solids prone
to large deformations; an elastic membrane is attached to the surface, with the stress resultant tensor
within the membrane deserving the interpretation of surface stresses. This so-called Gurtin—-Murdoch
model predicts the size effects observed for nanosized materials [174-176], for which surface properties
dominate over bulk properties.

The different models that incorporate surface effects involve enhanced constitutive equations including
a description of the surface behavior, introducing a surface stress tensor constitutively related to a
surface strain measure. More general surface models beyond the Gurtin-Murdoch model have been
developed in the literature [177-185], like a Cosserat surface for material interfaces [186]. These extended
models include additional material parameters [187-193], the determination of which is most of the time

challenging.
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2.1. Introduction

Lattice materials are a type of structural and functional material with tunable mechanical and
multiphysical properties that are increasingly being used in engineering applications due to their broad
range of qualities that traditional materials cannot meet. As a type of porous material with reticulated
structures, lattice materials are frequently developed with a periodic microstructure, allowing the
identification of a repeated unit cell (UC in short). This property enables the efficient design of structures
with excellent mechanical properties that can be manufactured using additive manufacturing techniques
on the level of nanoscale [194].

Many works in the literature were devoted to predict the effective properties of lattice materials,
each attempting to upscale the microscopic lattice level behavior to that of an effective continuum with
homogenized properties. When such analyses are performed, two critical issues must be taken into
account: first, the appropriate continuum theory for the substituted homogeneous medium, which is
dependent on the inner lattice architecture and deformation mechanisms; and second, the ability of
evaluating the scaling of classical and higher-order mechanical properties concerning for appropriate
microstructural parameters. Measurements or recoursing to multiscale analyses can both be used to
determine the structural response of an effective substitution medium. Fully resolved simulations, on the
other hand, are almost always computationally too expensive [195]. Multiscale homogenization methods,
on the other hand, can effectively relate calculated effective continuum-based properties of a supposed
effective medium to microstructural lattice-based geometrical and mechanical parameters [196].

When compared to continuous homogenization approaches, discrete homogenization techniques use
reduced, discrete type models for the structural elements of the lattice, characterizing the UC as a
collection of bars or beams. As well, discrete homogenization is suitable for low-density lattice materials
and architected materials because of their inner structural elements that can be naturally described as
rods or beams at a low computational cost. These discrete modeling methods offer a benefit of taking
into account a limited number of degrees of freedom (DOF) at the microscale and may also yield to
analytical formulations for the effective moduli in certain situations [107,108]. Continualization methods
introduced in [109] are a class of the discrete homogenization methods that have gained notable attention
in the literature. The methodology is further detailed in [197], and it will be used in the current work.

In this chapter, we adopt a strain gradient formulation for periodic architected materials with the main
objective to analyze the contribution of surface effects (mainly edge effects that can lead to absolute size
effects) based on strain gradient models of lattice materials constructed from homogenization methods.

The novel aspects investigated in this chapter are the following ones:

e A new discrete homogenization method adequate for architected media endowed with a discrete
topology towards strain gradient effective continua is developed.

e The scaling laws of the computed strain gradient moduli versus the absolute edge lengths of periodic
architected materials are derived in a 2D context.

e The dependency of the strain gradient effective moduli on the absolute edge length is confirmed by

the computation of their shape derivative dependency.
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Chapter 2. Analysis of surface effects based on first and second strain gradient mechanics

¢ An extended second strain gradient formulation of surface effects is proposed, generalizing Mindlin’s
approach to surface elasticity.

The outline of the chapter is as follows: a discrete homogenization method of 2D lattice materials towards
an effective strain gradient continuum is exposed in section 2.2. Thereby, the strain gradient elastic
properties of architectured materials (exemplified by hexagons and square geometries) are evaluated in
closed form versus the unit cell lattice microstructural parameters, focusing on the square and hexagonal
unit cells. Based on this knowledge, the absolute size dependency of strain gradient moduli versus
the edge length is evaluated (section 2.2). The sensitivity of the strain gradient moduli to geometrical
parameters of the unit cell is evaluated in the same section 2.2. The shape derivative of the effective
moduli is evaluated in section 2.3 as an alternative for analyzing absolute size effects caused by an edge
contribution. An anisotropic notion of surface energy is derived in section 2.4 from a second strain
gradient formulation, thereby providing a generalization of Mindlin’s model. Conclusion is provided in
section 2.5.

A few words regarding notations are in order. Vectors and higher-order tensors are denoted with
boldface symbols. The bracket (f(y)), = ﬁ J f(y)dV, denotes the volume average of any quantity,
here the scalar-valued function f(y) over the doﬁlain of a reference lattice unit cell Y, with infinitesimal
integration volume dVj,. The partial derivative of a scalar function f () is denoted alternatively 0, for
%. The second order identity tensor is denoted I. The gradient and divergence of a second order tensor
A are successively denoted by the quantities A® V,, and A.V,. The transpose of the second order tensor

is denoted with a superscript ‘T’, so for instance AT,

2.2 Derivation of the strain gradient mechanics as a function of
the length of lattice unit cell

In this section, we provide a more theoretical basis of the surface effects captured by strain gradient
moduli by first deriving a surface formulation of Hill macrohomogeneity condition [74] to highlight the
dependency of strain gradient moduli on a lattice length parameter. In the second part, the analytical
expressions of the strain gradient moduli are derived through a discrete method of homogenization to

show explicitly their dependency on the unit cell edge length.

2.2.1 Surface formulation of Hill macro-homogeneity condition

At the microscopic scale, the material is assumed to obey linear elasticity, so that the symmetrical Cauchy

satisfies the following BVP posed over the UC with anti-periodic traction conditions (with no body force
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2.2. Derivation of the strain gradient mechanics as a function of the length of lattice unit cell

tensor):
o-V,=0 inY
on=t ondY (2.1)
c=C:¢

With o being the symmetrical Cauchy stress, n the unit-length exterior normal vector, t the traction
vector, C the fourth-order microscopic rigidity tensor, and € the second-order strain tensor. We evaluate
the virtual work of internal forces, the scalar-valued integral fY o : (w®V,)dV, for a virtual velocity of
the following form w (z,£) = E(z)-£ + K (z) - (£ ® £), characteristic of the homogeneous strain gradient
continuum, with £ := y — 2z, E ,and K = E ® V, defining respectively the relative microposition,
the strain, and strain gradient. Then, by converting volume integrals into surface integrals, a surface
formulation of the Hill-Mandel macro-homogeneity condition is reached in the context of strain gradient

mechanics [198]; this is explained in more technical details in Eq. A.4 of Appendix A:

</ o-n ds®Yj>
1,2

/}/a:(w@Vy)dV:;/i;Q((E(x)- )@N’) P

+ > ((K(a:)-Yi)@JNZ Y <2|Y| )ds) QY @Y
i=1,2 ay

7j=1,2

1 A
iE::(y@t)aY:m </ tdsy®¥j)
j=1,2 \’Li
== <y®y®t |Y| Z (/ tdsy®YJ®Yﬂ>

in which N’ denote the macroscopic unit exterior normal. The upscaling of the microscopic virtual work
leads to the macroscopic virtual work, expressing the duality product ¥ : E 4+ S . K of the macroscopic
stress and hyperstress tensors with the macrostrain and macrostrain gradient tensors. Accordingly, the
macroscopic Cauchy stress and hyperstress tensors express as unit cell volume averages of the microscopic
Cauchy stress tensor weighted by the microposition vector, as expressed in the first set of the last two
equalities in Eq. 2.2. Alternatively and at the macroscale, the classical and higher order stress tensors are
expressed (second set of equalities in the last two relations of Eq. 2.2) as dyadic products of the surface

average of the traction over the UC boundary, viz. the integral term |, ay (a . n) ds, with the periodicity
vectors {Yj } associated to a given unit cell of a periodic heterogeneous domain shown in Fig. 2.1.

The periodicity vectors {}_’j}in previous relations relate material points under the periodicity
conditions that hold for the unit cell shown in Fig. 2.1. Material points crossing the outer UC boundary
are associated by pairs (from left to right boundaries and bottom top boundaries successively), with
I'1,T'> denoting the ‘internal’ boundaries, respectively the left vertical and bottom horizontal edges for

the considered 2D rectangular unit cell domain.
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Figure 2.1 Periodic unit cell of a periodic material and definition of the internal boundaries and periodicity

vectors.

While Cauchy stress and strains each involve one periodicity vector, this is not the case for the higher-
order terms, where the presence of the periodicity vectors in the higher-order strain and stress tensors
is unbalanced: Y7 appears indeed twice in the hyperstress (the second term on the right-hand side of
previous relation), but only once in the conjugated higher-order strain tensor. These facts have the
consequence that Cauchy moduli do not depend on any absolute length, in contrast to strain gradient
moduli. As it is well-known, the ratio of strain gradient to Cauchy moduli leads to the elaboration of
internal lengths quantifying the strength of strain gradient interactions, so the intensity of interactions
between neighboring unit cells. Beyond these internal lengths, strain gradient moduli may intrinsically
depend on some absolute size through some geometrical length parameters.

We aim in the present chapter to investigate the dependency of the strain gradient formulation of
architected media on the absolute size and to identify the relevant geometrical parameter of interest. For
this purpose, we will elaborate a discrete homogenization method to derive the effective strain gradient

moduli of periodic lattice materials, from the response of an identified repetitive unit cell.

2.2.2 Discrete homogenization of lattice materials

The effective (in a homogenized sense) properties of a strain gradient effective medium are derived from
the periodic lattice material through a discrete homogenization method. The first step of the discrete
homogenization method lies in the periodic repetition of an elementary unit cell made up of beams
connected at nodes to define an infinite network in the plane or in 3D space. This discrete homogenization
is developed based on a Taylor-series expansion of the kinematic variables [199-201]. To set the stage,
a homogeneous isotropic beam element obeying Bernoulli beam theory is adopted for each of the struts
building the investigated architected materials. The homogenization method is exemplified by the case
of the topology of the hexagon, parameterized with the two lengths L and h, the thickness parameter
t and the angular variable 6, as shown in Fig. 2.2. The second lattice material of interest in this work

is the square lattice of linear length L and thickness ¢ represented in Fig. 2.3.  Referring to Fig. 2.2
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Figure 2.3 Square unit cell with periodicity vectors and its geometrical parameters (nodes and beam numbering).

and Fig. 2.3, there exists a dependency between the nodes of the unit cell according to the periodicity
vectors for each of the two lattices. This dependency is determined according to Eq. B.7 and illustrated

in Table 2.1 and Table 2.2 for the UC building the hexagonal and square lattices respectively.

Table 2.1 Dependency Relations of the Hexagon UC nodes

Independent node Dependent node ?1 ?2

1 3 1 0
1 5 0 1
2 4 0 -1
2 6 -1 0

Table 2.2 Dependency Relations of the Square UC nodes

Independent node Dependent node 71 72

1 2 1 0
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Chapter 2. Analysis of surface effects based on first and second strain gradient mechanics

These dependency relations are utilized to generate the transformation matrix, which allows reducing
the set of kinematic variables to the minimum independent ones and the lattice equilibrium to its periodic
form: a dependency between the nodes of the UC takes place according to the following two relations for

the kinematic variables and forces, successively the two relations:

qdependent =T qindependent (23)

T
findopondcnt =T fdcpcndcnt =0 (24)

wherein @aependent> 1> @independent ar€ successively the vectors of degrees of freedom (DOF in short) of
the dependent nodes, the transformation matrix, and the vector of the DOF’s of the independent nodes.

The vectors ficpendent a0d f . are the nodal forces of the dependent and independent nodes

independen
respectively.
In the present 2D situation, the vectors or nodal DOFs expand as follows for the hexagonal UC to be

more specific, with the first index referring to the node number (Fig. 2.2 and Fig. 2.3), and the second

index indicating the direction (x or y):

T _
9 opendont — [Uu Uly U2z U2y U3y U3y Udy Udy Usy Usy Uz Uy

T —
9 dependens — |Ulz  Uly U2g Uy

The detailed computations leading to the expression of the microscopic homogeneous displacement field

in 2D versus the macroscopic strain and strain gradient tensors are to be found in [198]:

22 2 2
Uy = Upz + Er112 + Ei2y + Klll? + K22y — K221y? + (K122 + K212) %,
u(z,y) = 2 2 ¥ (2.5)
Uy = Ugy + Fo1x + Eogy — K1127 + (K21 + Ko11) 5 + Kooy + K222?

wherein the vector ug (z) = (uos, uoy) describes a rigid body motion. This expression will be used for the
derivation of the strain gradient effective moduli based on the proposed discrete homogenization method.
The infinitesimal displacement field of a periodic node in any lattice material can be formulated

according to Eq. 2.5, resulting in the following formulation of the UC discrete DOF’s versus the continuous
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2.2. Derivation of the strain gradient mechanics as a function of the length of lattice unit cell

kinematic variables of the adopted effective second gradient medium.

Uiy 1 00 0_
u,| (01 0 0
Uy 0 0 1 0
Uy 00 0 1
use| |10 0 0f [us
ugy | 0 1 0 0f |uy
Udy - 0 0 1 O0f uo
Ugy 0 0 0 1f |ug
U 1 0 0 0
Usy 01 00
UGy 00 10
| ey | _0 0 0 1_
[ o 0 0 0 0 0 0 0 o
0 0 0 0 0 0 0 0 0 - -
0 0 0 0 0 0 0 0 0 Fos
0 0 0 0 0 0 0 0 0 F
(w3 — 1) 0 (a—w) @52 (2 —a0) (g5 — ) *M 0 0 (ys — )’ [fw
. 0 (ys —y1) (z3— 1) 0 *M (73 — 1) (Y3 — y1) M (23 —1)° 0 KMT
(x4 — 22) 0 (ya—y2) D520 (24— 29) (s — o) — (aze)® 0 0 (ya —y2)° -
0 (Y4 —y2) (T4 —12) 0 —M (T4 = 22) (Y1 — y2) M (24 — 72)° 0 K
(ws —a1) 0 (s — 1) =250 (5 —20) (s — ) — ) 0 0 (ys — 1) K
0 (ys —y1) (@5 — 1) 0 —(ms=m)® (75 — 1) (Y5 — y1) w (25 — 1)° 0 izuz
(r6 — 22) 0 (Y6 — y2) (eo—za)® (6 — x2) (Y6 — ¥2) *M 0 0 (o —y2)*| ~ -
| 0 (- (@—w) 0 — (mozma)? (@6 —22) (yo — o) W (ag—z)® 0|
(2.6)

The stiffness system of a UC that has b elements connected between j nodes is of the following expression:
Kaq=f (2.7)

where K, € R7¥J is the stiffness matrix of the structure that relates the applied force vector, f € R7
to the nodal deformation vector, ¢ € R7 (corresponding to ggependent i Eqs. 2.3). Eqs. 2.3 and 2.4 are
substituted into the stiffness system of the UC, Eq. 2.7, to derive its periodic reduced form as follows (§

and f correspond to the independent vectors in Egs. 2.3 and 2.4)
K.g=f (2.8)

where K s is the reduced stiffness matrix of the UC, expressed versus the original stiffness matrix as

follows:

K,=T'K.T (2.9)

Substituting Eq. 2.4 and 2.6 in Eq. 2.7 results in the following set of algebraic equations

K, g+TTK Az = f (2.10)
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Chapter 2. Analysis of surface effects based on first and second strain gradient mechanics

that are solved for the independent microscopic displacement field versus the macro kinematic variables
of the strain gradient continuum. A and & are respectively the matrix to create continuous nodal
displacement, and the vector of kinematic variables of the continuum model. These expressions are

then substituted along with Egs. 2.3, 2.4, and 2.6 into the expression of strain energy Eq. 2.11 to get the

continuous expression of the strain gradient strain energy density:

TR e o)

N

The nodal forces and deformations formulated in the previous section are used to derive the effective
mechanical properties using Hill-Mandel macro-homogeneity condition, which can be written, according
to [198], as:

1
W, (E, K) = 5(2” : Eij + Sijk Kijk) = (w#> (2.12)

The stress and hyperstress are formally expressed as the partial derivative of the macroscopic strain

energy density with respect to the conjugated kinematic variables:

oW ¢
8Eij ’

ijk — aKijk

¥, = (2.13)

Then, according to the general constitutive law in Eq. 2.14 (considering a 2D formulation with the

following correspondence of indices: i, j, k,1=x,y)

3ij =Cijii : By + Bijiim . Krm
(2.14)
T
Sijk = Bijkpq : Epg+ Aijkpgr " Kpgr
the effective strain gradient homogenized properties appear in component form in the effective strain

gradient constitutive law:

waw
D Ka:xy
zz Cii Ci2 0 zz By B2 Biz Biy Bis Bis "
yyz
oy Ciz C 0 E, ¢t |B2ai B2 B2z By Bas B -
yyy
5, 0 0 Cs3 i B3y B3z Bsz B3y Bss DBsg
y y Kaye
Kayy
_ _ _ T (2.15)
Sera By1 By Ba A A Az A Ais Ag| | Kaws
Seay B2 By Bsp B Agy Agp Az Agy Azs Agg| | Kiwy
Syya Bis Bas Bss 5 N Asgr Asy Aszz Asy Ass Ase| | Kyya
Syyy By By DBay v Ap Ay Ayz Ap Ass Ags| | Kyyy
E
Seyae Bis Bas Bss ik As1 Asy Asz Asy Ass Ase| | Kaye
Seyy | Bis Bz Bsg | Aot Asz Ass Asa Ass  Ass| | Kayy |

wherein [C], [B], and [A] are respectively the homogenized Cauchy, coupling and strain gradient tensors.

The same procedure is to be followed for the square unit cell by applying the periodicity relations according
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2.2. Derivation of the strain gradient mechanics as a function of the length of lattice unit cell

to Table 2.2.
The non-zero effective moduli for the hexagon and square lattices are determined as closed-form
expressions of the microscopic parameters of the UCs shown in Fig. 2.2 and Fig. 2.3. (see Table C.1
and Table C.2 in Appendix C). The coupling matrix [B] is found to be zero for the hexagonal UC as
expected due to its centrosymmetric features.

The predictions of the employed discrete homogenization method are compared to the predictions of an
alternative discrete homogenization method developed in [202] summarized in the Appendix D. A good
agreement is obtained in Fig. 2.4 between the values of effective strain gradient parameters obtained from

both methods as a function of 6 of a hexagonal unit cell (with a maximum relative difference around 5%).
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Figure 2.4 Homogenized Cauchy and strain gradient tensile moduli obtained computed from the present discrete

homogenization method and the method in literature [202] versus 6 for the hexagonal UC .

We subsequently investigate the ability of the identified strain gradient mechanical model to capture

absolute size effects.
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2.2.3 Absolute size dependency of strain gradient moduli

In order to determine the expected absolute edge length dependency of the effective strain gradient moduli,
a selection of first and strain gradient moduli obtained on previous section (their analytical expressions
are in Appendix C) is plotted versus the edge length of the hexagon and square unit cells. We vary
the unit cell shape in a self-similar manner, such a way that the volume fraction remains constant. The
volume fraction of material can be determined by adjusting the microstructural parameters from the

following relation:

Lvoicl
Vei=1[1- 2.1
f < icell ) ( 6)

The volume fraction of material is set in this section for all UC configurations to be equal to 0.4. The
mechanical properties are selected for aluminum, with £=69000 MPa, » = 0.3, and b=1mm (outward
plane thickness), with the angular variable set to be 6 = 30° for the regular hexagon.

As shown in Fig. 2.5 and Fig. 2.6, the Cauchy effective moduli for the hexagon and square unit cells
remain constant when the dimensions of the unit cell vary; this finding is consistent with the fact that
Cauchy elasticity is devoid of any intrinsic length, and they remain unchanged for self-similar UC shapes
sharing the same relative volume fraction of material. In contrast to this, the strain gradient effective

moduli show a quadratic increase with the unit cell edge length for both considered unit cells.
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Figure 2.5 Cauchy (a) and strain gradient moduli (b) as a function of the unit cell edge length for the regular

hexagonal unit cell.
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Figure 2.6 Cauchy (a) and strain gradient moduli (b) as function of the unit cell edge length for the square unit

cell.

2.2.4 Sensitivity of the effective strain gradient moduli to lattice geometrical

parameters

In this paragraph, an analysis is performed to study the sensitivity of the effective moduli to the
geometrical parameters of the unit cell. For the hexagonal unit cell, the chosen design variables are
the dimentionless ratio t/L and the angular variable § with the ranges t/L € [0.04,0.2] and 0 € [—15, 50].
In all subsequent analyses, the out-of-plane thickness is set to be b = 1 mm and the ratio L/h is fixed
at a constant unity value. The mechanical properties (Young modulus and Poisson’s ratio) of the base
material of the unit cell are £ = 69000 MPa and v = 0.3.

Fig. 2.7 shows the contour plots of the strain gradient modulus A1, the Cauchy modulus C11, and the
associated internal length [, = \/éiﬁ , respectively, as a function of the geometrical variables ¢/L and 6.
The values of A;; and Ci; increase as the angular variable 6 decreases. This shows that the re-entrant
hexagon, defining an auxetic configurations (it has a negative Poisson’s ratio) has higher values of the
effective strain gradient moduli compared to the regular hexagon with positive Poisson’s ratio values.
The internal length [, shows the highest values for the hexagonal UC compared to the rectangular and
even the re-entrant UC; for both the extension and shear modes, the internal length values reaches about
70% of the UC linear size for configuration angles around 40°. For auxetic hexagonal configurations, the
internal length in the uniaxial extension mode reaches similar values of 71%, with the internal length in

shear reaching lower values of about 40% of the UC linear size (Fig. 2.8).
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Figure 2.7 Contour plots of effective moduli for the hexagonal lattice (a) Ai1,(b) Ci1, and internal length (c) I,

as a function of the geometrical lattice parameters ¢/L and 6

Fig. 2.8 reflects the shear modes, showing the contour plots of the effective moduli Ass, C33 and internal
shear length I;,. The effective strain modulus Ass increases with the ratio t/L for the three considered
lattice materials, but the highest values are attained for the hexagon. However, the Cauchy modulus
(33 shows the highest values for the re-entrant unit cell, while the internal length [, reaches its highest

values for the hexagon at low values of the slenderness ratio t/L.
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Figure 2.8 Contour plots of effective moduli of the hexagonal lattice (a) Ass (b) Css, and internal length I, (c)

as a function of the geometrical parameters t/L and 6

In the next section, we use a different method to analyze the absolute edge length dependency of the
effective strain gradient moduli, relying on the evaluation of the sensitivity of these moduli to a variation
of their shape, to induce a variation of unit cell area (edge length in the considered 2D situation). More
specifically, the variation the unit cell edge length over self-similar unit cell shapes is achieved by imposing

a suitable shape velocity field to the UC internal and external edges defining the UC boundaries.

2.3 Shape sensitivity of the strain gradient moduli

To quantify the sensitivity of the effective strain gradient moduli of the considered architected materials
to the variation of the periodic unit cell boundary, thusly versus the total amount of edge length of the
lattice UC in the considered 2D context, we rely on the notion of shape derivative of the strain energy
for an effective medium of purely strain gradient type. Indeed, for such self-similar shapes, the Cauchy
effective moduli will remain the same. Concerning this objective to quantify the absolute edge length

dependency of the effective strain gradient moduli, the basic underlying physical idea is that surface effects
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Chapter 2. Analysis of surface effects based on first and second strain gradient mechanics

in 3D (or edge effects for 2D geometries) arise as a suitable measure of the resistance of an interface or
surface to change of its shape or size (area in 3D, length in 2D) due to the ‘deformation’ (in the sense of

design variation) of the enclosed domain.

2.3.1 Shape derivative of the energy within the framework of strain gradient

mechanics

Consider initially a domain Y with boundary dY subjected to a perturbation, so that the new domain
occupied by the unit cell becomes : Y; := {y, =y + 7Vs,y € Y}, with 7 a small scalar parameter used
to parameterize the domain and Vg := X sy the shape velocity field representing the change of UC
boundary, so it is an input field for modifying the unit cell design [203]. The unit exterior normal vector
to the domain filled with material is denoted N here and in the sequel. The shape velocity field vector
Vs can be decomposed into a normal part Vg yN and a tangential contribution V g 7, this last part being

known not to contribute to the shape derivative [204]:

Vs=Vsr+VsnN
Vsn :=Vs.N (2.17)
Vsr.N=0

in which the scalar projection Vg y represents the magnitude of the normal shape velocity.

The shape derivative D; of the cost function J defined on the set of domains Y, parameterized with 7

parameter is elaborated as the following limit [204]:

DSJ:hmM

(2.18)
7—0 T

in which Y := Y, _y denotes the initial unperturbed domain. Selecting the total potential energy as the

cost function, its shape derivative is then expressed after some derivations over the homogenized domain

according to [204] as:

D.J = [ NZgaeny,.0Xd(0Y) (2.19)
oY

wherein J is defined as the difference of the internal energy of the homogeneous continuum V, and the
work of external forces acting on it:

J(Yr) 1= Wi — Weat (2.20)

The second order tensor therein ¥ ggperny := wul — €T .o is the Eshelby stress acting at the microscopic
level of the lattice unit cell. Thus, we get from Eq. 2.19 and for the more specific choice of a purely

normal shape velocity field the expression of the shape derivative of the total potential energy

DSJ = N'EEshelby~NVS,Nd (8Y) = / ENNVS,NCZ(C{)Y) (2.21)
Y oY

Thereby, the normal component of Eshelby stress ¥yn := N.Xgspeny- N in short can be viewed as the

driving force acting to change the shape of the domain, possibly at the expense of an extra energy cost
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2.3. Shape sensitivity of the strain gradient moduli

associated with the concomitant increase of the domain area (in 3D) or edge (in 2D). Note that the
physical unit of the previous integral is that of energy (in Joules).
The surface integral on the right-hand side of Eq. 2.21 defines a surface density of mechanical energy

acting on the unit cell boundary :

S Vend (9Y) = / (w, (€) — £.0) Vid (IY)

Yy oY

e=A" - K,
c=c,:e=c,: A" " K

= zNNVSNd(aY)zl/ (AK.'.K:cM:AK.'.K>VSNd(8Y)—/ N. (A% Ke,: A% - K) NVsnd(0Y)
oy ’ 2 Joy ’ oy (2.22) ’

wherein A%is the strain gradient localization operator (fifth-order tensor) relating the microscopic strain
to the macroscopic strain gradient tensor acting over the unit cell. In deriving the set of relations of
Eq. 2.22, we have assumed that the unit cell is subjected to a pure strain gradient kinematic loading (the
macrostrain tensor is chosen to be nil).

In a subsequent step, Clapeyron theorem is used to express the total potential energy, elaborated as
the difference of internal mechanical energy W;, and work of external forces W,,; expressed over the
homogeneous unit cell V.., in terms of the strain energy density, which is the quantity of interest for the
shape sensitivity analysis to follow. It follows that the total potential energy can be fully expressed in
terms of the internal mechanical energy, considering that the macroscopic energy density is independent
of the macroscopic spatial position within the homogeneous unit cell:

1
Wiy, = 5/((J’"’"‘:E:E+Ah0m .-.K.-.K)de
V., (2.23)

Clapeyron theorem = J (Y;) = —W;

The work of external forces for the strain gradient medium includes (beyond the classical Cauchy type
contributions) double forces, as well as edge and corner contributions [205]; it will however not be written
here, since it does not contribute to the analysis of absolute edge effects to follow.

The previous relation allows evaluating the sensitivity of the strain gradient elastic energy to the area

variation induced by the shape velocity field applied over the unit cell boundaries:

D,(Ltv,|{ct™ .E . E+ A" - K - K
D,J <2| { * >v) Loy NS paneiny NV nd (9Y)

DA DA Ifoy Vs.ndo

(2.24)

The volume |V;| (area in 2D) of the unit cell has been introduced in the previous relation as a way to
express the macroscopic energy in terms of a volume integral to subsequently perform integration by part
(considering that the macroscopic energy density does not depend on spatial position), viz.

V| <C’“’m E:E+A™ - K - K> - / (C’“’m E:E+ A" - K - K) v, (2.25)

VZ‘
Ve
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Chapter 2. Analysis of surface effects based on first and second strain gradient mechanics

Due to the normalization of the right-hand side by the shape velocity field, the left-hand side (and the
right-hand side) in Eq. 2.24 becomes independent of it, especially in the more specific case for which a
uniform shape velocity field is applied.

While the previous evaluation of the Eshelby stress relies on the microscopic fields evaluated within
the unit cell (via FE simulations employing periodicity boundary conditions), the macroscopic approach
replacing the heterogeneous UC with an effective strain gradient continuum will next be considered in
order to perform a shape sensitivity analysis of the homogenized strain gradient moduli.

The sensitivity of the effective continuum strain gradient macroscopic energy to a variation of the
unit cell internal and external boundary motion is captured by the shape derivative of the strain energy
density of the effective continuum within the framework of strain gradient mechanics, articulated with
Hill macrohomogeneity condition. Thereby, it extends the evaluation done in [206] for a Cauchy medium
in which only the first displacement gradient is of importance. Using the Clapeyron theorem, the shape
derivative of the effective moduli will be deduced from the shape derivative of the internal macroscopic
energy as in Eq. 2.24, wherein the surface integral is expressed over the entire unit cell boundary.

The connection between the microscopic displacement entering into the Eshelby stress and the
macroscopic kinematic loadings over the unit cell, tensors F, K, is formulated by writing the UC boundary

value problem for the displacement fluctuation as follows:
— divy (CM S ('U'E,K)) =0

0, =Cy:e(up,x)=0o0ndY (2.26)

upic = Bo)y+3K(@): (4 ©y) + sk 1)

up, x Y-periodic

in which #g i (y) denotes the displacement fluctuation induced by the macroscopic kinematic loading
applied over the unit cell, namely the macroscopic strain and strain gradient tensors E, K respectively.
Thereby, the shape derivative of the classical and strain gradient moduli can be evaluated based on the
expression of the microscopic displacement versus the macroscopic kinematic loadings and its periodic
fluctuation obtained by solving the corresponding unit cell BVP in Eq. 2.26.

Especially, the sensitivity of the strain gradient moduli to a variation of the edge contribution of material
at a fixed volume fraction (obtained in the previous section by generating self-similar shapes of the unit
cell) - thus the Cauchy effective moduli remain unchanged - can be evaluated from the general relation
of Eq. 2.24, selecting a displacement field in which a strain gradient kinematic control is applied over the

unit cell, thus of the form (E =0, K #0):
1 .
Uo, K = §K (y®y) +io,x (¥) (2.27)

We consequently evaluate in this context the shape sensitivity of the effective strain gradient moduli, based

on the relation arising as a direct consequence of Eq. 2.24 and after a few straightforward computations

1
D, (2 Vo] (K. A K),, ) =— N X gsheivy . 0Xd (0Y) (2.28)
* oy
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2.3. Shape sensitivity of the strain gradient moduli

The surface density on the right-hand side of Eq. 2.28 can be interpreted as a kind of surface energy due
to mechanical fields (a driving force).

Applying unit strain gradient tensor fields, viz. Kk = e, @ e; ® ey, K™ = ¢ ®en®e, , allows
computing the shape derivative of the strain gradient moduli from Eq. 2.28. Previous relation Eq. 2.28
will be next exploited to compute the sensitivity of strain gradient moduli to the variation of edge length

for a suitable choice of the shape velocity field, expanding the Eshelby stress from its very definition:

Dy (% ‘Vx| <K A K>VL) . 7f8Y2NNVS7Nd(8Y)

DA oy Vendd
{$ 0oy (A% K iy AN K) Ve nd (0Y) = [, N. (K - (457, : AF) - K ) NV nd (9Y) ]

Hay Vs ndo
(2.29)

wherein the boundary displacement field from Eq. 2.27 has been inserted into the right-hand side, using
the strain gradient localization operator A introduced in Eq. 2.22.

Moreover, by introducing the surface energy v as an intrinsic surface parameter, one can postulate the
following physical balance law expressing the resistive effects of surface energy to the increase of area

promoted by the strain gradient energy:

D.J +/ 0 d(aY) =0= ENNVSJVd (8Y) +/ v d(aY) =0 (2.30)
oYy

oYy oYy

To clarify, shape derivative evaluation leads to the identification of the surface driving force (normal
projection of Eshelby stress) accompanying area (edge in 2D) increase; this can be made such that
Cauchy energy will not vary in the process, whereas strain gradient surface energy will, and moreover
it is traduced as a surface energy in the shape derivative expression. This strain gradient energy that
promotes the increase of area is resisted by the (anisotropic) surface energy in Eq. 2.30.

In the next subsection, the shape derivative of the strain gradient macroscopic energy is utilized to

evaluate the scaling of the homogenized strain gradient moduli versus the unit absolute edge length of

the lattice unit cell.

2.3.2 Scaling of effective strain gradient moduli versus the absolute edge

lengths based on the shape derivative

Considering a square unit cell of length L and thickness ¢ (see Fig. 2.3), a shape velocity field is applied,
of the form:

Vs=(et)N (2.31)

wherein e is a small constant to be determined such that a constant volume fraction is maintained between
the initial and modified unit cells, so that Cauchy effective moduli will not experience any sensitivity to
the unit cell shape variation. By considering different configurations, applying the appropriate boundary
conditions for the strain gradient continuum, and selecting e keeping a constant volume fraction, the

shape velocity vector Vg = Vg yN is applied for both the internal and external boundaries of the unit
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Chapter 2. Analysis of surface effects based on first and second strain gradient mechanics

cell.
After determining the shape derivative of the strain gradient moduli for different configurations of the
square unit cell at a constant volume fraction of 40% (the shape derivative represents the slope of the
tangent at each point of the curve), the strain gradient tensile modulus shows a quadratic increase versus
the unit cell edge length in Fig. 2.9, thereby obtaining the same scaling law obtained in section 2.2 based
on the closed-form expressions of the homogenized strain gradient moduli.

In the next section, the notion of surface energy inherent to the strain gradient effective model is further

elaborated.
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Figure 2.9 Strain gradient modulus in extension Aj11111 versus the total edge length L, obtained from self-similar

square unit cells having the same Cauchy moduli based on the shape derivative method.

2.4 Contribution of strain gradient mechanics to surface energy

The homogenized strain gradient model is investigated for its ability to define the notion of an anisotropic
surface energy extending the pioneering Mindlin’s model [129] of surface energy. Note that Mindlin’s
model introduces a third gradient model to account for surface energy, since it appears that first strain
gradient mechanics is not sufficient by itself to account for the notion of surface energy. In line with
Mindlin’s seminal work, we accordingly start writing the macroscopic strain energy density, assumed to
be dependent on the macroscopic strain tensor and its first and second (macroscopic) spatial gradients

together with the associated equilibrium equation Fq. (2.32)2 in the absence of body forces [129]:

War (EKR) :%(E:E +S K +§:;E),

7-V,=0

T=%-8V,+8:V,0V, (2:32)
E=U®°V,

5=A".K KE=KaoV,
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2.4. Contribution of strain gradient mechanics to surface energy

wherein S, Zhom and K = K ® V, are succesively the second hyperstress tensor, the third gradient
moduli tensor (a eighth-order tensor), and the second strain gradient tensor (a fourth-order tensor),
satisfying the constitutive laws written in Fq. (2.32)4. Such a second strain gradient constitutive model
may be obtained from the homogenization of the unit cell microstructure. Such an extension towards
second strain gradient homogenization lies however outside the scope of this contribution.

Eq. (2.32); is integrated over the unit cell domain to set the average strain energy of the homogeneous
substitution medium as follows, considering that the macroscopic energy density does not depend on the

spatial position within the homogeneous unit cell domain:

WM:ﬁ/WM (EKF) v, = /(E:E +S K +§::E) v, (2.33)

Va

2| Ve

Integrating Eq. 2.33 by parts and taking into consideration the equilibrium equation Eq. (2.32)2 3 leads
after lengthy but straightforward computations (accounting for the index symmetries of the involved

tensors) to the following surface integral formulation of the effective strain energy:

|vm\WM:% /N.T.U dS+/N. (S-8-V,): U V,) ds+/N.§.: U®V,®V,)dS

oV, E)A E)A
(2.34)

The first term on the right-hand side of Eq. 2.34 is a Cauchy contribution that will not lead to any
surface contributions. In the derivations to follow, we will focus on the terms involving the third gradient

contributions. The second integral term in Eq. 2.34 rewrites in index format:

/ N Uk: zgkll de = / N Atljokrgqr pqr) Uj,k - Ni (Zijklmnqumnp%l) Uj,k: d87 (235)
(2)

The first part of the right-hand side of Eq. 2.35 allows recovering a variant of Mindlin’s surface energy
when selecting identical pairs of indices {j = k and p=q}, leading in turn to the isotropic part of the
strain gradient tensor of moduli AM™. More specifically, it leads to a kinematic invariant obtained after

integrating by part the first surface integral on the right-hand side of Eq. 2.36:

/ N Ahom qu 74) UJ kdsi / N AhOm (Up,qr + Uq,p’r‘) UJ,de

ijkpqr ijkpqr
av
/ Ni A?/?I?;l)pv (Up.pr + Uppr) Uk 1dS (2.36)
h 1 h ?
— = / N Azl?]?;p’r’ U . VI)J (U . Vm) dS= Z N 'A{?5r713)7(475)} . (U . Vm) (24 deS
Vi
wherein we define the following second order tensor by index contractions (A {(23),(4, )})‘ A?,f,?;,m

The last surface integral in Eq. 2.36 bears a strong similarity with Mindlin’s isotropic formulation of
surface energy depending on the first invariant of the macroscopic strain tensor; it represents the normal
projection of the gradient of the kinematic invariant (U - Vgu)2 representing the square of the local volume

change. The difference however is that the obtained density involves instead the square of the local
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Chapter 2. Analysis of surface effects based on first and second strain gradient mechanics

volumetric change as a true kinematic invariant (the trace of the macroscopic strain tensor); in contrast
to this, Mindlin’s original formulation is linear in this last contribution.
The last integral in Eq. 2.34 can be rewritten in index format as follows:
/ NigijklUm,npdS = / Ni (Zijklmnpq?mnpq) Um,npds = / Ni (Zijklmnqumnp,q) Um,npds
v, v, vy,

1 _
= 5 / NiAijklmnpq(Kmnp Kmnp)qus
oVy

(2.37)

Selecting identical indices {j = m, k =n,l = p} in Eq. 2.37 leads to the following higher-order invariant
of the strain gradient tensor, the quadratic term (K ... K), involving a reduced form of the third gradient

moduli tensor:

—hom
/N A{234 (5,6,7)} (K . K)® V,]dS (2.38)
wherein we use the notation (Kl{u();] 3, 4)7(5)677)}) = K?;rgpmnm to denote the components of a second order
ij -

tensor obtained by contracting the enclosed triplets of indices. Thereby, we have derived a higher-order
surface term depending on a higher kinematic invariant, providing a generalization of Mindlin’s original
formulation of surface energy and introducing moreover an additional degree of anisotropy encapsulated
into the contracted Cauchy and strain gradient moduli involved in the two relations of Eq. 2.36 and
Eq. 2.38 respectively. Observe that the two obtained densities in Eq. 2.36 and Eq. 2.38 have the physical
units of energy per unit area in 3D, and energy per unit length in 2D. Note that the surface energy
densities in Egs. 2.36 and 2.38 can lead to other terms representative of surface energies (especially those

built from kinematic invariants), which will however not be analyzed in this chapter.

2.5 Conclusion

This chapter exposes a discrete homogenization method for periodic architected materials towards a
strain gradient continuum formulation, providing the effective classical and strain gradient moduli as
closed-form expressions of the lattice microstructural parameters. It provides an analysis of edge effects
(surface effects in 3D) in the mechanical response of architected materials modeled in the framework of
strain gradient mechanics. While Cauchy moduli do not capture surface properties, a theoretical and
numerical examination yielded the scaling law of the strain gradient moduli with the edge contribution
of surface material, showing a quadratic variation with the absolute edge length. To reach this objective,
the extended Hill macrohomogeneity condition for strain gradient media has been formulated from purely
surface mechanical fields over the unit cell boundary. The same scaling law has been obtained from a
shape sensitivity analysis of the internal macroscopic energy, whereby strain gradient kinematic tensors
have been applied over self-similar unit cells with varying amount of edge lengths.

In the last part of the chapter, based on a second strain gradient effective continuum model formulation,

the notion of surface energy has been formulated in an anisotropic manner, relying on the identification of
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two surface integral contributions involving kinematic invariants of the macroscopic first strain gradient

and second strain gradient tensors.
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Chapter 3

Higher gradient homogenization

methods of quasi-periodic media

Summary

This chapter introduces quasi-periodic homogenization schemes for quasi-periodic media, those without
periodicity, but that can be mapped to a parent periodic medium. Quasi-periodic homogenization relies
on the conceptual idea of mapping a non-periodic domain to a reference periodic one through a point
mapping of material points within the domain of an identified unit cell. The theoretical background
of quasi-periodic homogenization introduced in the first part of this chapter relies on expressing the
microscopic position of micropoints within a physical unit cell as a sum of the macroscopic position (the
center of area of the unit cell) and the relative position of micropoints with respect to the center of
area. This decomposition parameterized by the small-scale parameter entails a corresponding additive
decomposition of the tangent map defining the geometrical transformation of the periodic UC into the
quasi-periodic one in terms of an additive decomposition into macroscopic and microscopic contributions.
The quasi-periodic homogenized effective moduli are then determined, starting from the average of the
microscopic energy, those being expressed in terms of the periodic moduli and a perturbation term,
both expressed in a volumetric format as surface integrals over the reference unit cell domain in a 2D
context. In the second part of this chapter, a surface formulation of the quasi-periodic moduli is derived,
based on the notion of shape derivative of the total potential energy stored within the unit cell. This
approach relies on introducing a shape velocity field at the boundary of the periodic unit cell to model
the change of its design, driven by the normal projection of Eshelby stress onto both the internal and
external boundaries of the unit cell. This second scheme offers comparatively to the first one a simpler
way to compute the quasi-periodic moduli as it only requires the evaluation of the mechanical fields on the
unit cell boundaries. Application of the proposed homogenization schemes are done for inclusion-based

composites showing a gradient of size.
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3.1 Introduction

Quasi-periodic composites differ from periodic composite materials in that their unit cell does not repeat
exactly in a periodic manner throughout the structure. Instead, the unit cell gradually changes along
one or more periodicity directions, which are known as grading directions. Due to this feature, a class of
materials called functionally graded materials (FGM) has emerged, and it is characterized by a spatial
variation of the geometry, and sometimes even the material properties, of the microstructure within the
unit cell. The spatial variation within FGMs can take place in a single direction, (as is the case with
stratified materials) in a discrete or continuous manner.

When a composite has a unit cell that varies smoothly in space, the grading within neighboring unit
cells can be ignored. This means that a given unit cell does not perceive any differences in microstructure
from neighboring ones. As a consequence, the homogenized behavior can be determined locally without
considering the differences in the microgeometry of successive unit cells. The grading is only considered
at the macro-level to account for the variation of homogenized material properties from one-unit cell to
another in the macrodomain [122-124].

On the contrary, in situations where the grading across unit cells is too fast, the variation of unit cell
geometry must be considered at the microscale. This means that higher order terms are expected to
appear when performing the asymptotic homogenization. Because of this microscopic variation, the
overall effective behavior of the composite may no longer be purely local, and nonlocal mechanical
behaviors may emerge proportional to the rate of grading. According to [121], classical homogenization
methods are not applicable to FGMs because the minimum size of the RVE is larger than the size of
a statistically homogeneous RVE. This requires considering the grading within the RVE, which is also
graded. There has been very little effort devoted to the homogenization of quasi-periodic media in
the literature, especially when considering higher order terms in asymptotic expansion methods. [207]
studied the first-order homogenization of quasi-periodic structures, while [208] developed a second-
order solution by adding correctors computed from the first-order solution, but no corrections accounting
for quasi-periodicity is present in the first order equation. In the field of dynamics, [209] and [210]
developed a non-periodic homogenization of the wave equation for seismic applications, but their higher-
order solution was incomplete. [211] developed a second gradient model for composites with material
property gradation, but without variation in geometry. They used asymptotic expansions up to the second
order combined with a variational approach to derive the higher-order macroscopic energy, assuming that
the properties within the unit cell depend on the position of the cell within the composite. The resulting
energy includes the gradient of a characteristic microstructure parameter and the strain gradient as a
new kinematic variable. As opposite to most homogenization methods for FGMs that account for the
grading only at the macrolevel by replacing the homogeneous effective properties with a field of material
properties varying at the macroscale, [121] accounted for the grading at the micro-level through the

development of a second gradient effective constitutive law.
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There are two ways to derive quasi-periodic properties. The first approach involves a unit cell Y = Y (z)

that varies with the macroscopic position &, allowing the expression of the microscopic moduli tensor

in the form C° (z) = C (IL‘, ‘0(:)>, wherein ¢ (z) is a smooth diffecomorphism. This indicates that the
quasi-periodic variable is transformed by the diffeomorphism ¢ (z) into a periodic counterpart and that
C is still periodic in the second variable [212]. The mapping of the periodic unit cell by ¢! (z) is also
dependent on the macroposition in this case. The second approach involves the transformation of the
boundary value problem (BVP) formulated on the quasi-periodic domain onto on a periodic domain using
a change of parameterization as demonstrated in [213]. By adopting this approach, a periodic BVP is still
constructed with a modified apparent microscopic moduli tensor, which can be further elaborated versus
the small-scale parameter. In [213], the hypothesis of a quasi-affine geometric transformation enables
the unit cell BVP to be expressed as a periodic one, through the extraction of a term that depends only
on the macroscale variable. This involves disregarding any gradation within the adjacent unit cells and
assuming that any changes in the effective properties are a result of variations solely in the unit cell
geometry at the macroscale. However, in this chapter we will be dealing with a new homogenization
scheme of quasi-periodic media to determine the quasi-periodic moduli relying on the shape derivative of
the total potential energy leading to a surface formulation of the moduli.

This chapter is organized as follow: a general method that relies on a physical viewpoint of micropoints
located within the UC is developed in section 3.2 towards quasi-periodic media to determine a volumetric
formulation of the quasi-periodic moduli. In section 3.3, a shape derivative approach is adopted in
view of a surface formulation of the energy and of the ensuing quasi-periodic moduli. The unit cell
micro grading is potentially the source of an emergent higher gradient behavior, so that we expand
our homogenization scheme towards the incorporation of the second displacement gradient. Thereby,
the quasi-periodic moduli are expanded versus the asymptotic small parameter, so that a ranking of
the different contributions entering these moduli traducing both the second gradient enhancement and
the quasi-periodic perturbation of the reference periodic unit cell is obtained. section 3.4 is devoted to
numerical illustrations of the established quasi-periodic homogenization schemes, considering inclusion-
based composites showing a gradient of their inclusion size. We conclude in section 3.5 by a summary
of the main theoretical developments and results and by few perspectives of developments in the field of
multiphysical behavior of functionally graded materials.

A few notes about the notations in use are in order. Boldface symbols stand in for vectors and tensors.
The transpose of a tensor is written with a superscript notation, for instance BT, The gradient of a
tensor field A(y) with respect to the spatial position y for example) is denoted A(y) ® V,, (with ® the
tensor product) and its divergence is obtained as the trace of the gradient, A(y).V,. The symmetrized
dyadic product is denoted ®°. The dot product therein represents the inner product in the space of
Cartesian tensors. The simple, double and triple contractions of tensors are written ., :, .. respectively,
so that it holds A.B = Ay By, C:D=C;;D,;, U ... V=U,;;,V;x, with (A,B), (C,D), (U,V) pairs of first

order, second order and third order tensors respectively. The symbol X represents the square tensor
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product defined in index format as (A}, : E : AM)ij = (A&l)ipqu(AM)qj = (A]T/Il)l.p (AM);Fq E,, =

(Ay AT . E,, = ((Ay RAL) - E),, for the purpose of factoring our tensor E on the right side.

ijpq
Alternatively, in order to factor our E on the left-hand side, the previous evaluation can be written
in the form (A, E: AM)ij = (A]T/Il)ipEPQ(AM)qj = Ey (A&T)pi(AM)jq = qu(A&T @AM):D
(B: (457 B Aw))

qij

ij

3.2 Volumetric formulation of quasi-periodic moduli

This section starts with an overview on mapping a periodic domain to reach a quasi-periodic one. We
then aim to relate the quasi-periodic moduli to the ones in the periodic domain through homogenization

and express them in the form of volume integrals.

3.2.1 From periodic to quasi-periodic domains

Here and in the sequel, variables attached to the periodic domain are denoted with an overhead tilde,
whereas those living in the quasi-periodic domain are written without tilde.

Starting from the periodic parent unit cell Y, one can move into the quasi-periodic unit cell Y such
that the relation between both domains is Y = ¢ (Y) & Y = ¢~ (Y), where ¢ is the point mapping that
allows the transition between the coordinate systems by mapping the points of the periodic domain to the
quasi-periodic one & — x = (&) (Fig. 3.1). Noting that this geometrical transformation of coordinates
will have an impact on both macroscopic and microscopic scales. Different definitions will be introduced
next starting from this mapping.

Moreover, Fig. 3.1 shows the periodic domain Q (a) with the corresponding unit cell (UC) on the right
side on which we define the microscopic g and macroscopic & position vectors. For the quasi-periodic
domain € (b), the microscopic and macroscopic position vectors will be denoted as y and z respectively
(they are not shown on the figure but they have the same scheme as the one corresponding to the periodic

UC without tilde).

@ O

I "
(b) Q

b 1

Figure 3.1 Illustration of the transformation introduced which is defined by a mapping ¢ between (a) the
periodic domain Q and (b) the quasi-periodic domain . The periodic unit cell on the right hand side shows the

microscopic ¥ and macroscopic £ position vectors.
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3.2. Volumetric formulation of quasi-periodic moduli

‘Small’ vectors from the periodic domain € are mapped to ‘small’ vectors in the quasi-periodic domain

) through a tangent mapping of the point mapping defined as A(Z) := ¢ () ® V. Lets call

) ozt
A=pE)0V; =20 V; & A= o =

A(@) (3.1)
The tangent mapping admits an inverse that maps vectors from quasi-periodic to periodic domain written

in components format:

=i, =() @) (32)

Ord - zw‘l
The transformation rules of vectors and tensors are next exposed, in the context of the coordinate
transformations arising from the mapping from periodic to quasi-periodic domains. The volume element

transforms as:

3.3

J = det (p(&) ® V5)

The transformation laws of tensors and vectors, considering a general non-affine change of coordinates,
are elaborated as a prerequisite for the quasi-periodic homogenization to be developed later. This will
entail the relation between the microscopic strain and stress tensors and their corresponding macroscale
counterparts, paying attention to their covariant and contravariant character respectively.

In both periodic and quasi-periodic domains, the basis vectors are defined as tangents at each point
to coordinate lines serving as curvilinear coordinates. Let’s denote the tangent basis vectors as gy, gy

on the untransformed and transformed domains, respectively, (see Fig. 3.2). It is essential to figure

Figure 3.2 Figures showing the tangent basis vectors in (left) an initial non-deformed and (right) deformed

configurations; (e1, e2)are the basis vectors of a cartesian coordinate system.

out the variance of tensors because the transformation rule of covariant and contravariant tensors is
different [214]. Covariant tensors transform like the basis vectors by using the transition matrix, while
contravariant tensors are those transforming in an opposite way to the basis vectors, by using the inverse
of the transition matrix. Contravariant tensors (resp. covariant) have their components denoted with
upper indices (resp. lower indices).

The tangent vectors constructing the natural basis transform between the two configurations are as
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Chapter 3. Higher gradient homogenization methods of quasi-periodic media

follows: 9 Sy Ou i ok
. Oy oy oy oy 5 W Ak
9= g " gy o~ o 9 T kgy =0 (AT,
v oy 05" .
dvi = 7 rdy'9; = 8di" = 50055 S = 0jpg;dy” = ggdy”

The rule of summation of repeated indices in a monomial is implicitly adopted here and in the sequel;
in a pair of such repeated indices, one index appears in lower position, and the other index in upper
position.

Note that the variation of the components of a tensor or a vector from the periodic to the quasi-
periodic domain can be equivalently expressed as an active or a passive transformation. In the passive
viewpoint, a vector field remains invariant whereas the observer viewpoint is changing, so that it holds
t=v=17 g,- In the active viewpoint (meaning that the material points within the reference domain are
mapped to a new domain like a deformation), the vector is described as a covariant vector, which means
that its components transform in the same way as the covariant base vectors; therefore, the components
of the vector remain the same in both domains, whereas the tangent vectors defining the natural basis

do change:
gi — A—T.gi
(3.5)
v = ’l)igz = A_T.’ij = ﬁjA_T.gj = @jgj = V; = ’Dj
Considering in this chapter the active viewpoint leads to the expression of the displacement field (in
tensor format) in terms of its covariant representation. Thus, the strain is elaborated as a mixed tensor
when considered as a single scale-dependent field from the onset:
@ (§) ® Vg = afjgz‘ ®F, uy)@Vy=1u';9,09
(3.6)
gz-g]‘ = 5.13‘ = gl'gj
Previous relations introduce the primal bases, the set of tangent vectors g, §,, and the reciprocal (dual)
bases g°, §' in quasi-periodic and periodic domains. The last identity of Eq. 3.6 shows the product relation

of the set of primal basis vectors with the dual bases. The stress ¢ and strain € = u (y) ® V, tensors are

expressed as mixed variant second order tensors, with the transformations as follows:
6 =0,9"®g, 0=0,9"2g,
u(y) @V, = Adi (§) © Vy. A", (3.7)
oy =A"TsA"
As a consequence of the previous transformation equations of quasi-periodic stress and strain, it is shown

from straightforward algebraic evaluations that the microscopic energy density remains invariant between

the periodic and quasi-periodic domains:

1 1 1,
wy, (y) = J0E= §Tr(aT.s) = 50;]5']- =

Dzt

% : &€=, (§) (3.8)

N =

For the development of the quasi-periodic homogenization theory, an approach relying on physical

viewpoint of micropoints located within the UC is introduced in the following subsection.
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3.2. Volumetric formulation of quasi-periodic moduli

3.2.2 Homogenization of quasi-periodic media: volumetric approach

In this section, a homogenization technique is developed with the underlying assumption of the
smoothness of the design change. The main concept of this method is to magnify the unit cell from
the physical domain where it exists to set a problem onto a fixed domain called the zoomed unit cell,
which becomes independent of the small-scale parameter. The small parameter is denoted n = + £ and it
is defined as the ratio of a unit cell size (¢) to a characteristic macroscopic dimension of the macrodomain
(L), as pictured in Fig. 3.3. A new spatial variable is introduced, elaborated as the relative position of
micropoints with respect to center of area §~ = ¢ — &. The two variables Z, and ng (Fig. 3.3 [212]) are
considered independent because they represent two different and separated scales. Any mechanical field
defined over the n-dependent UC in the physical domain will depend on these two independent variables.
The vectors z,,, and Z,, in Fig. 3.3 are defined as the generic microscopic positions in the quasi-periodic

and periodic dimensionless domains respectively.
l

Figure 3.3 Schematic representation of periodic material (left), definition of micropoints within the physical and

zoomed non-dimensional UCs of the periodic (right top row), and quasi-periodic domains (right bottom row).

These position vectors are in turn decomposed additively into the macroscopic position of the center
of the area z,% and the relative position of micropoints €,€ in the physical quasi-periodic and periodic

unit cells, respectively, as follows:
§=2Zyu +n¢ (3.9)

J=2+n—y@y =x+n€

The two last equations in Eq. 3.9 represent the positions in the physical periodic and quasi-periodic UCs.
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Chapter 3. Higher gradient homogenization methods of quasi-periodic media

One then writes the following differential relations of the position vectors between the periodic and
quasi-periodic domains:

dx = vy () ® V;di

B (3.10)
ndE = 1 (&.5) © V3.5 +£ (&.5) © Ved (1)

Eq. 3.10 leads to the following global tangent map A (z,y) mapping the vector (d_q; 77d§>’ which includes
the macroscopic and microscopic positions in the quasi-periodic domain, into its counterparts in the
periodic domain, the infinitesimal vector (dﬁ ndE)

= . | =A=,y). N (3.11)
nd§ g (@y) eV @y V) \nd nd§

dz py (Z) ® V; 0 dx dx

The center of coordinates is chosen at the center of area of the RVE (short-cut for representative volume
element), so that the relative position coincides with the microscopic position (E =4, and €=y )
According to Eq. 3.11 the tangent map A (2,y) can be decomposed additively versus the small-scale

parameter as:

- P (Z) ® Vo 0 . 0 0 )
where Ay () = and A, (Z,y) = represent successively the
0 Y Vg yoVy 0

macroscopic and microscopic contributions to the tangent map. The macroscopic tangent mapping
Ay (%) acts at the macroscopic scale and it maps tangent vectors at the center of area from the periodic
to the quasi-periodic UCs. On the contrary, the microscopic tangent mapping A,, (Z,y) operates on the
tangent vectors of any micropoint in the periodic UC and maps them to their corresponding tangent
vectors at micropoints located within the quasi-periodic UC. More precisely, the tangent map and its
inverse as well as their corresponding determinants can be written as expansion versus the small-scale

parameter as:

+
Ayl (F) (3.13)
~ (I —nAy (8).An (8.9)) Ay () = Ay (B) —nAy (8) A (8.9) Ay (B) +0(n)
det (A7") = det (Ay} — Ay Am. Ayl = det (Ay}) (1 —nTr (A Am)) +o(n)

Before proceeding with further developments of the relations related to quasi-periodic homogenization,
it is necessary to highlight the smoothness conditions of the point mapping. This means that the mapping
should induce a slow variation of the considered design of the unit cell. Thus, according to Eq. 3.12
which gives a geometrical information about the change of design, the microscopic and macroscopic
mappings A,, (Z,7), A () should have a limited magnitude which is to be validated aposteriori from

computational results.

[Au| <<1; [[Am| <<1
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3.2. Volumetric formulation of quasi-periodic moduli

To check the smoothness of a selected mapping, a geometrical length is defined after considering the
higher gradient decomposition of the tangent mapping (can be also applied to microscopic mapping)
according to a first order Taylor series expansion between two neighboring macropoints, namely centers

of area of two neighboring unit cells:

Ay (B +AF) = Ay (B) + Ay (8) © V. L9 + o (| L7°°))) (3.14)
3.1

= L9~ (Ay (B + AF) — Ay (8)) .(Ay (&) © Vz) !

The criterion of a smooth design variation can be formulated by comparing the geometrical length to the

size of the unit cell (¢) as:
geo
} >>1=LI°>>(=nL (3.15)

Therefore, the geometrical characteristic length associated with a smooth geometrical transformation
should be asymptotically larger than the unit cell size such that quasi-periodic moduli can be defined in
relation to the small-scale parameter.

As a first step of homogenization, we write the boundary value problem (BVP in short) of linear
elasticity in periodic media. At the microscopic level of the single UC, the material satisfies the following

equations of first gradient linear elasticity:

5~V’yv—‘rg=0 mn Y
G-n=t ondY
~ (3.16)
oc=C, ¢,
. ~E =
€= F

wherein ¢ is the symmetrical Cauchy stress, b is the body force vector, 7 is the normal vector, t s the
~ ~E

traction vector, and C), is the fourth order microscopic rigidity tensor in the periodic domain. A is a

fourth-order strain localization operator that relates the periodic micro € and macro E strains.

The transformation of the strain tensor is then expressed using Eq. 3.7 and by substituting therein the

expressions of Eq. 3.13:
e(y) =AZA™ = (Au (&) + nAn (£,9)) £ (Ay) (B) —nAy] (&) .An (2,9) Ay (8)) (3.17)

Let’s recall the general transformation rule from the quasi-periodic to the periodic domains of the integral

of an arbitrary scalar-valued density, using the definition of the volume average ((.))y = ]%[ [()ay:
Y

[t

¥l 1
Y]1Y]

(h @)y = / b (§) dV, = — / h (y) det (A1) (y) dV, =
Y

7 Y/ h(y) det (A7) (y) dV, (3.18)

wherein the ratio ;}i“ is the area change under coordinate transformation defined from the macroscopic
tangent map as: ~
o Y] 1y Y]
det(Ap) (&) = |57| = det(A,;) (&) = % (3.19)
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Chapter 3. Higher gradient homogenization methods of quasi-periodic media

To proceed with the determination of the quasi-periodic moduli, we formulate the average microscopic

strain energy density in the periodic domain using Eq. 3.18 and Eq. 3.19 :
1 Y] 1 Iy e~
(0 (€)y = (02 )y = 5 (@ 1 E) et (4) )5z = 5 et (43)) (7 :8) et (4) )5 (3.20)
The periodic macroscopic strain is elaborated classically as the average of the microscopic strain, which

in turn can be written according to Eq. 3.17 and Eq. 3.18 as:

E = )5 =det(Ay) (A e Adet (A7) )2 (3.21)

Substituting Eq. 3.13 into Eq. 3.21 then leads to the following expression of the macroscopic periodic

strain elaborated as the volume average of the microscopic strain:

E = &)y =4y €)y-Au +n[Ay (e An)y — (Ay An Ay e An), — (Ay €Ay (A 1 A7), ]
0’ [—(Asr Am-Arf € Am)y = (Ay &-Au) (Asf 2 A))y = (Axf Am-Ay/ €An) (Ay]  AL))y ]
0 (A5} A Ay Ay) (A7) AT)),]
(3.22)
Defining the quasi-periodic macroscopic strain at the leading order zero of n to be the average of the
quasi-periodic microscopic strain (g)-,(all higher order terms of n in Eq. 3.22 are neglected) leads the

relation between the macroscopic strain in the periodic domain and its counterpart in the quasi-periodic

domain to be approximated at first order by:
E~A,} EA, = E~ Ay.E.A;} (3.23)

Substituting Eq. 3.13, Eq. 3.23, and EFq. 3.163 4 in Eq. 3.20 then leads the average microscopic strain

energy in the quasi-periodic domain to be expressed as:

(w,, (€))y = %<a L€)y = %det (43 (E - (A’E’T .C, :A’E) PEBdet(4) )
~ 5 det (437) {(43) BAw) - (37720, :ZE) (A3 BoAu) det (4))
m%det( VB (A RAy) s (A7, A7) det () s (43} WAL < B
%det( E: (A7 KAy <( T )det (Aar) (I +0Tr (A3} An)) ) ¢ (A} BAT) B
~ %E: (A;T R Ay) - <(AET.6*H;AE)>§ (A} RAL) - E
+ ;UE (A ®Ay) <<ZE’T : 5u ZE> (A} :Agb)>}~/ : (AJT41 XA} E
= %E : 020“1(:17) B

(3.24)
The last relation implicitly defines the tensor of quasi-periodic homogenized moduli expressed as an
asymptotic expansion versus the small-scale parameter. The previous Eq. 3.24 then leads to the expression
of the quasi-periodic moduli versus the tensor of the periodic homogenized moduli as the sum of a

macroscopic contribution traducing the macro-grading of the unit cell and a perturbation reflecting the
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3.3. Surface formulation of the quasi-periodic moduli using the shape derivative

higher order micrograding of the same unit cell:

Cﬁf’m (z) = Co°™(z) + néC"°™ where

~E,T

Chom(z) = (A B Aw) : (A7 G, 24E)>17 (A7 RAT) (3.25)
6C™ = (A ® Ay) s (A7 € A7) (437 AT)) (A7) @A)

The effective quasi-periodic moduli are expressed as volume averages as shown in Eq. 3.25. From a
numerical point of view, they are evaluated by first solving the BVP over the periodic unit cell (Eq. 3.16)
and then mapping the moduli to the quasi-periodic domain. At the (zero) leading order of 1 , Cho™(z)
is calculated based on the sole macroscopic contribution of the tangent map; this means that one ignores
the micrograding of the unit cell and focuses on the macrograding of the geometry.

Opposite to this, at the first order of 1, besides Ay, the microscopic tangent mapping AL needs to be
defined at each micro-point of the volume as an input; this makes it difficult to implement numerically
this homogenization schemes in situations where the new quasi-periodic shape is prescribed by a motion
of the internal or / and external surfaces or interfaces of the repetitive unit cell, whereas the mapping
of internal micropoints is not defined explicitly from the onset. In order to overcome this difficulty, a
surface formulation of quasi-periodic homogenization is developed in the next section. It relies on the
shape derivative of the average potential energy involving the sole knowledge of the fields on the unit cell

internal and external (outer) boundaries.

3.3 Surface formulation of the quasi-periodic moduli using the
shape derivative

This section uses the notion of shape derivative towards the objective of formulating the surface integral
of the energy in both periodic and quasi-periodic domains. We have initially the periodic domain Y with
boundary 0 Y that is subjected to a smooth perturbation of its geometry, and the point mapping ¢ : y —
y+nV , with its associated tangent map A , wherein 1 being a small scalar parameter used to parametrize
the domain and V5 being the shape velocity field in Y representing the change of periodic UC boundary
(Fig. 3.4). The new perturbed domain occupied by the unit cell becomes: Y, := {y =y+nVsye€ }7}
Thus, V, is considered as an input field for modifying the design of the unit cell [203].

The advantage of this approach is that it allows the determination of the effective moduli in the
perturbed domain by performing the needed computations only on the boundary of the non-perturbed

domain (in its unit cell), as will be exposed in the sequel.
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Chapter 3. Higher gradient homogenization methods of quasi-periodic media

*«1 Vs

~

Y

Figure 3.4 Schematic representation of the change of design of an initial periodic UC when subjected to a shape

velocity field Vs on the boundaries of the inclusion.

From the volumetric approach developed previously, and for developing the surface formulations we

reexpress with the energy density of Eq. 3.24 expressed as follows:

Wit [Y,] = (wy (€))y = %(a ey = %det (/) (B: (A" .¢,:4") Bact(a) )

= Jdet (431) B (477G, A%) det (Aur) (T + Tr (A3} 4)) )+ B

=B (270, A0)) B B (A7 6, A7) (1r (A3 A))) - B

=B (47726, A7) B B (4770, A7) (a3 AL)) B (3.26)
e [7] 5t [7]

= oWy V]
The last relation in Eq. 3.26, can then be written according to the definition of the derivative [204] when

n — 0, as:

d%WM Y,] = W m (3.27)

The total potential energy, elaborated as the difference of internal mechanical energy and work of external
forces, is selected to be the cost function, viz. J[Y,] := Wj, — Weze. According to [203], the shape

derivative of the cost function J is expressed, after some derivations over the periodic domain as:

d ~
%J [Yﬂ] = /,;;EEshelby Ve® V’?;dy (328)

with X geneny = wpd — €T .0 the Eshelby stress appearing as the driving force acting at the microscopic
level of the unit cell to change its shape.
Clapeyron theorem is next utilized to express the total potential energy in terms of the strain energy

density as the quantity of concern as shown in Eq. 3.27, viz. J[Y;] := —W;,, = =Wy [V;], as demonstrated
in [215]. Thus, Eq. 3.28 becomes:

d — e -
W [Yy] = Wy M - /~ S pahetty : Ve @ V=dY (3.29)
n Y
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3.3. Surface formulation of the quasi-periodic moduli using the shape derivative

Since the Eshelby stress has a nil divergence [203], it is straightforward to write Eq. 3.29 as a surface

integral of the form:
SWr M S / A By Ved (a?) (3.30)
oY

V s becomes the shape velocity field to be applied on the boundaries of the UC when it is smooth enough

in Y [203]. Eq. 3.30 shows that the volumetric quantity in Eq. 3.26 now expresses as a surface integral:
5y [V] = 3B (8776, 2" (43} - 4T))_ B = _/a;
_ /8 A (@, ~&"5) V. (o7) = - /3 A (; G:8)I- g.&) v.d (o7)

_ %/&ﬁ. [(A":E):0,: (4" :E)| v.a(ov) = %/a;ﬁ. B:(a"":¢,:4") B v.a(ov)
B ((A"7:0,: A7) (a5} < 47)) B = LB {/a;a (A°7:6,:47)| v.a (af/)} B

= %E:ﬁChom E= %E‘ {/&)Nﬁ. [(XE’T :6'# ZE)} Vid (8}7)} . E

o .S panetry V od (07

Y
(3.31)
Thus, the perturbed moduli SC™™ in the previous approach rewrites as surface integral as:
~ET ~ ~FE ~
schom — / _a[(a"":6,:4")] v.a(o7) (3.32)
oy

—~ I~ ~ ~ET ~ ~E ~
On the other hand, for the energy density Wy, [Y} = %E : <(A :C, A )>~ : E in Eq. 3.26,
Y
~E
to be expressed as a surface integral, we introduce a displacement localization operator H such that

=B =
u=H :E:

W [V] =3B (87" 6,:4%))_ B= 50 = 2‘1/‘/ (7.5)a d (67
\Y\/NET .+ (Rof)a(ov)t E= B (37" .0, (RoB")) B

Then, previous relation underline that the Cauchy moduli can be consequently derived as a surface

integral as:

Chom — <;1E7T : éu : (ﬁ ® fIE>> - (3.34)

ay
The next subsection deals with the extension of the previous homogenization into higher order strain

gradient homogenization to account for the micrograding.

3.3.1 Extension towards a strain gradient effective medium

The grading of the design at the micro-level leads expectedly to a strain gradient continuum that
accounts for it (whereas a first gradient formulation is not sufficient), as mentioned in [121]. For
this purpose, we introduce strain gradient localization operators Zk and H k, besides the strain and
displacement localization operators (EEJ:-VI E), to relate respectively the microscopic strain and the

microscopic displacement to the macroscopic strain gradient third-order tensor K= E® V=, so that the
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Chapter 3. Higher gradient homogenization methods of quasi-periodic media

microscopic strain and displacement can be expressed versus the macroscopic kinematic variables as

~E ~ ~k ~

e=A E+A 'K

B - =k = (3.35)
u=H E+H K

We will discard in upcoming relations the couplings between first and strain gradient behaviors by

restricting to centrosymmetric designs of the UC.

Now, the strain energy densities in Eq. 3.26 will be extended to account for the strain gradient medium

after inserting the relations of Eq. 3.35:

W [V] = 5B (47", 4%))_ By (K- (A" C,- ")) _ K

2 Y
~E,T ~k

Wy {37} = %E’ <<A :6'# : ZE> (A} :A£)>)~/ E+ %R <(Ek’T :E'M tA ) (A} :A£)>}~/ K
(3.36)

Following the same methodology for determining the surface formulation of the Cauchy and the perturbed

Ahom

Cauchy moduli, the strain gradient A§°™ and its associated perturbation & are derived:

Abom = <(;1k’T : 5’,, :}ik)>~ = <;1kT : 6u : (ﬁ@f]k)>m~/

Y

o (3.37)

§Ahom — <(;lk’T :6‘H :Zk) (A} :AZ;)>~ = /~ﬁ. [(A :éu : Ek)} Vd (8}7)

Y

Considering the active viewpoint, the components of the tensors CEo™, (5C’h°m,A8°m, and §AM™ are

identical in the respective bases of the periodic and quasi-periodic domain, i.e. it holds 50%0,;{1 -
mYy —bases

605%‘? s This leads to the components of the periodic effective first (Cauchy) and strain gradient
inY —bases

moduli versus their periodic counterpart plus their corresponding fluctuation:

h, _ h
CU(;CI? (z)|ianbases - (Coom)ijk'l

+ 1 6Chom|
inY —bases K ikl liny —bases (3 38)

hom _ hom hom
Aijklmn (m)|ianbases - (AO )ijklmn + n (SAijklmn inY —bases

inY —bases

The following section illustrates the algorithm for the determination of the effective quasi-periodic moduli

starting from the periodic unit cell domain.

3.3.2 Algorithm for determining the effective quasi-periodic moduli

The expressions of the quasi-periodic effective moduli elaborated in the previous subsection make it
possible to study and solve the BVP of quasi-periodic homogenization from a corresponding BVP
expressed within the UC of the reference periodic domain. First, the microscopic displacement in the
periodic physical UC is introduced as a sum of a fluctuating displacement 55; (ng) and a homogenized
part 2™ (ng, 5) Therein, @™ corresponds to a heterogeneous medium thaty would behave exactly as a
homogeneous one and its expression is fully derived in [198] for a strain gradient medium (the parameter
n appears because we are working with the physical UC). The fluctuating displacement represents the
deviation of the homogeneous medium from a heterogeneous medium; it is induced by applying the

macroscopic kinematic loading (E’, K ) over the periodic physical unit cell.
~ ~hom o~ = . TS\ ~ 1 1~ PO i~ =
@=u"" (16.3) +ii - (n€) =nB@ &+ ;K@) : (§0€) +i - (n€) (3.39)
E,K E,K
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3.3. Surface formulation of the quasi-periodic moduli using the shape derivative

We revisit the equilibrium and the constitutive equations of Eq. 3.16, so that the localization problem to

be solved for the displacement fluctuation writes:

5.v;=(Cu:E (ﬁg;» V-=0
G:=C,:¢ (ag’;)

(3.40)

E,K

- (£2) 5, ()

- ~3~(—periodic

B, K
Thereby, the shape derivative of the classical and strain gradient moduli can be determined based on the
expression of the microscopic displacement versus the macroscopic kinematic loadings and its periodic
fluctuation obtained by solving the corresponding unit cell BVP in Eq. 3.40. The algorithm for solving
the BVP (using the open source code FreeFem++) and determining the effective quasi-periodic moduli

is explained synthetically in Fig. 3.5.

Solve the BVP in Eq. (3.40)
over the periodic UC

|

Solve the BVP when applying E and K separately over

the periodic UC to determine C}Smand A}é,m respectively.

l

A shape velocity field Vy is applied on the boundaries of

the periodic UC to cause a change of its design.

The Eshelby stress is calculated after being projected on
the normal vector.

4
The surface integrals in Egs. (3.32), and (3.37) are

T
"™ and

SAkm Finally, the moduli C™™ and A in the quasi-
periodic domain are determined.

determined, which leads to the evaluation of &C

Figure 3.5 Schematic diagram for the computation of the effective quasi-periodic moduli.

3.3.3 Scale ranking of the effective quasi-periodic moduli versus the small-

scale parameter

Noting that in the previous sections the fluctuating displacement and strain were neglected so the

~hom

_ ~E ~k
and € = € hold with the associated localization operators (H JH ) and

. ~ ~hom
equations u = u
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Chapter 3. Higher gradient homogenization methods of quasi-periodic media

(ZE,;lk) were considered in the derivations. These localization operators include implicitly the
parameter 7 from which we can conclude the scaling of the effective moduli. This subsection elaborates
how this scaling appears and how we can get finally an expression of the energy having n explicitly there.
In order to reach a ranking of the effective quasi-periodic moduli versus the small scale parameter, the

homogeneous displacement introduced in Eq. 3.40 is first mapped into the physical unit cell, and it is
elaborated along with its corresponding strain as:

i (1,F) = Bpyndpily + 51 Kisndi

@ (1€,3) = H' (1) : E@) + H () .. K(@)

~E ~

S8 (.5) @ ey = A () B@) + A ) - K@)
(3.41)

~FE ~ ~FE ~ ~FE ~ ~ ~FE ~
A ) =H () 0V 2 B (1) = 0oy, = A" € o
~k o~ ~k -~ ~k -~ 1 (~~ ~k, ~
A () =H )V 2 H () =5 {880} = A (8) '
The effective moduli are then expressed as the following integrals over the unit cell involving the strain

localization operators [198]. The previously obtained ranking of the strain localization operators vs 7 in

Eq. 3.41 determine the scale ranking of the effective moduli as well as their perturbed moduli as follows:
hom “ETA .~ L AEF 0
Cim=[A (&:C,:A (§dV, xn
Y

~kT ~ ~

Avom = [ 27 @) e, A" ©av, x

v (3.42)

nsCchom = /a~ n. [(ZET : éu : ;IE” Vd (817) o it
%

nsAhem — /3~ n. [(ZkT : 5# :Zk)} Vd (857) x 7’
%

It appears from previous relations that the first gradient effective moduli C§°™ is independent of i whereas
the strain gradient effective moduli A§°™ is of second order of 7. The perturbed moduli for both first
and strain gradient terms are of one n-order higher than the corresponding unperturbed periodic moduli.

Eq. 3.42 can lead to explicitly express the quasi-periodic energy in terms of 7 as:

1 ~ 1 S - 1= -
W [Y,) = SE chom : E + 5B schem . E + n2§K cART - K 77351{ s 6AM™ LK (3.43)

The following section considers a numerical example to determine the homogenized properties of a quasi-

periodic structure.
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3.4. Application of the quasi-periodic homogenization scheme

3.4 Application of the quasi-periodic homogenization scheme

In this section, we rely on the surface formulation for the evaluation of the quasi-periodic moduli of an
inclusion-based composite with variable radius as shown in Fig. 3.6. The radius of each UC is defined to
change according to the relation R (z) = R + tan 8 T with R being the radius of the initial periodic UC,
tan 8 being the slope of variation of each radius with respect to the initial one (as shown in Fig. 3.6) and

Z is the position of the center of each UC (measured from the origin of coordinates).

T
oo © ©/'®

Figure 3.6 Illustration of quasi-periodic domain showing the variation of the radius with a slope of angle j.

Starting from R = 0.1 mm (radius of the first UC), tan 3 is chosen to be 1073 so that the variation
between the UCs is smooth. The length of each UC is [ = 1 mm, The mechanical properties of the

constituents of the composite, carbon inclusion and epoxy matrix are listed in Table 3.1.

Table 3.1 Mechanical properties of the inclusion and matrix materials.

Mechanical properties Inclusion (Carbon) Matrix(epoxy)

E (MPa) 228000 1400

v 0.26 0.3

The homogenization is done on a domain of quasi-periodic UCs in which each UC gets its homogenized
Cauchy C"™ (%) ,and strain gradient A™™ (Z) moduli with the associated perturbations 6C"*™and §A"™
respectively. The variation of some of these moduli(CY{1y, C19ss, AT 11, A a,,) is plotted in Fig. 7 as
a function of the spatial position representing their variation with the design change. CPM represents
the first moduli in the Cauchy rigidity tensor which relates the macroscopic stress to the macroscopic
strain in extension, and A}$™ || represents the first moduli in the strain gradient tensor which relates the
first-term in the higher order stress (hyper-stress) tensor to the first term in the strain gradient tensor,
whereas (CT{35, A¥15,,) represents the shear moduli in the Cauchy rigidity tensor and strain gradient
tensor respectively. It is observed in Fig. 3.7 that both the Cauchy moduli and strain gradient moduli
increase as the design of unit cells changes along the spatial position z. In Fig. 3.8, an internal length
Al

o
Gromt is determined and illustrated versus the spatial macro position. As shown is
1111

defined as I, =
Fig. 3.8, l;; increases with the design change in a way that ensures the smoothness of design between

UCs where the percentage increase of I, is small between the reference UC and the last UC.
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Figure 3.7 Variation of (a),(b) Cauchy moduli, and (c),(d) strain gradient moduli versus the spatial position.
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Figure 3.8 Variation of internal length /., versus spatial macro position.

To measure the importance of Cauchy and and strain gradient moduli in capturing the micrograding,
the Cauchy and strain gradient energies are calculated and their percentage contributions are illustrated

in Fig. 3.9 versus the spatial macro position. Fig. 3.9, shows that for UCs at position < 290, Cauchy
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3.4. Application of the quasi-periodic homogenization scheme

contribution is still dominant and it is capable of capturing the micrograding by §C"°™. However, for UCs
at position £ > 290, the contribution of strain gradient energy becomes of higher importance compared
to Cauchy contribution. This reveals that at this stage Cauchy perturbation moduli is insufficient in
determining the micrograding. This ensures the importance of considering strain gradient theory in

accounting for microscopic variation of design through §A"™,

100 T T

Cauchy contribution
Strain gradient contribution | 7
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Figure 3.9 Energy contributions as a function of the macroscopic position.

The validation of the quasi-periodic homogenization is done based on the comparison of the fully
resolved FE simulations and those based on the effective quasi-periodic moduli. Therefore, we consider a
beam of UCs with homogenized properties and another one with heterogeneous structure that are fixed
at their left boundary and subjected to a uni-axial loading (F=100N) at the right side (see Fig. 3.10).
Fig. 3.11 shows the macroscopic response of both beams where the displacement in x-direction is plotted
vs the force applied. The homogenized quasi-periodic model can predict the load-displacement response

of a heterogeneous quasiperiodic structure with a max error of 8%.

e o0 @ @
F Bl -

Figure 3.10 Beam with the quasi-periodic microstructure (top) and the homogenized representation (bottom).
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Figure 3.11 Figure showing the macroscopic response of a heterogeneous and homogeneous structure.

A post-processing scheme of the true strain gradient approach is elaborated in Appendix E, which
shows, on one hand, a link between the strain E and strain gradient term (E ® V) starting from macro-
scale computations, and on the other hand, a dependence of the macrostress on both, strain and strain
gradient. This scheme is adopted when considering the quasi-periodic macrodomain for the full-field
computations. The difference in strain between the boundaries of the UC is captured by the strain
gradient term (E ® V,) that must be taken into consideration when accounting for the UC boundary
conditions. Consequently, we show in Appendix E that we will reach an enriched Cauchy medium starting

from a quasi-periodic macrodomain.

3.5 Conclusion

In this chapter, we presented quasi-periodic homogenization schemes for quasi-periodic media, which do
not exhibit periodicity but can be transformed into a parent periodic medium. The main results of this
chapter can be summarized as follows:

o A theoretical approach of quasi-periodic homogenization is introduced, for small perturbations of
the unit cell architecture according to the macro-scale, starting from the average of the microscopic
energy and following the established smoothness conditions of the mapping (which means a small
variation of the UC design). This enables the effective quasi-periodic moduli tensors to be linked
with those of the periodic domain and the associated perturbation terms which are expressed in a
volumetric format over the reference unit cell domain in a 2D context.

e A surface formulation of the quasi-periodic moduli is then derived, starting from the volumetric
approach and based on the notion of shape derivative of the total potential energy stored within the
unit cell, via Clapeyron’s theorem allowing to link the potential energy to the internal strain energy.

This approach relies on introducing a shape velocity field at the boundary of the periodic unit cell
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3.5. Conclusion

to model the change of its design. This scheme offers comparatively to the first one a simpler way
to compute the quasi-periodic moduli as it only requires the evaluation of the mechanical fields on
the unit cell boundaries.

Consideration of the strain gradient theory as to account for the design grading at the microscopic
level, in context of small strains, and following the smoothness conditions. The importance of
the strain gradient model appears in the considered application of inclusion-based composites as
the Cauchy energy becomes insufficient to describe the impact of the variation in the internal
architecture of the unit cell. This appears through the increase in the strain gradient energy

contribution by a factor of 5 from the reference UC, compared to the Cauchy one.
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Chapter 4

Homogenization of piezoelectric
composites and architected materials
towards piezoelectric and

flexoelectric effective media

Summary

In this chapter, we evaluate the effective piezoelectric properties of heterogeneous materials in the context
of periodic homogenization, whereby a variational formulation is developed, articulated with the extended
Hill macrohomogeneity condition. The entire set of homogenized piezoelectric moduli is obtained as
the volumetric averages of the microscopic properties of the individual constituents weighted by the
displacement and electric potential localization operators. To account for higher gradient effects, that may
be induced by a strong contrast of properties of the composite constituents, this framework is extended to
deliver a flexoelectric homogenization method investigated in the computation of the flexoelectric effective
properties. A numerical algorithm is developed for the determination of the effective piezoelectric and
flexoelectric moduli relying on solving the boundary value problem (BVP) by applying the macroscopic
kinematic variables. The proposed homogenization is general and can be applied to composites and

architected materials endowed with piezoelectric properties at the microscopic scale.
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and flexoelectric effective media

Nomenclature

Eelec

€o

Iy, 14, I
M"“F (y), M"Y (y) , M"“" (y),M"°" (y)
MPE (y), M"F (y), M7 (y), M7 (y)

uF uP uK uG
VA AR AR A

PE PP PK PG
ZPE zPP zPK zPGp

Macroscopic electric displacement vector
Macroscopic stress tensor

Macroscopic strain tensor

Macroscopic electric field vector
Medium permittivity

Microscopic stress tensor

Microscopic displacement vector
Microscopic electric displacement vector
Microscopic electric field vector
Permittivity of vacuum

Polarization vector

Electric scalar potential

Density of free mobile charges

Volume

Body forces vector

Prescribed surface traction

Electric susceptibility

Normal unit vector

Microscopic strain tensor

Permittivity tensor

Piezoelectric tensor

First gradient rigidity tensor
Hyperstress tensor

Higher order electric displacement tensor
Strain gradient tensor

Electric field gradient tensor

Second, fourth, sixth order identity tensors
Displacement localization operators
Electric potential localization operators
Strain localization operators

Electric field localization operators
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4.1 Introduction

Piezoelectricity is an electromechanical phenomenon that describes a linear coupling between the electrical
polarization and mechanical strain [3,6,216,217]; it was first investigated in the field of mechanics of
materials by the two brothers Pierre and Jacques Curie in 1880 and it was found in various applications
in engineering [218-220]. Works devoted to the computation of the effective response of piezoelectric
composites rely on multiscale methods as in [102], which constitute a powerful tool for the analysis of their
macroscopic behavior. Such methods can handle multifield phenomena like coupled electromechanical
phenomena, providing a quantitative understanding of the impact of microscale parameters on the overall
multiphysical composite response. Different homogenization methods were developed since the early
seventies to determine the effective piezoelectric properties of different materials: this was achieved
for laminated composites [221] and architected cellular piezoelectric metamaterials using asymptotic
homogenization [222]. However, piezoelectricity possesses some limitations driving the search for richer
electromechanical coupling effects.

In the recent decades (since the early sixties), a higher-order electromechanical phenomenon has
received significant attention, deserving the name flexoelectricity [19,125], which represents the linear
response of electrical polarization to a mechanical strain gradient [3,6,216,217] . Flexoelectricity can
overcome the drawbacks of piezoelectricity. To explain it further, while piezoelectricity gives a constant
electric field, flexoelectricity leads to an electric field, which is a function of position. At the molecular
scale, flexoelectricity may exist in centrosymmetric materials, for example, in isotropic ones, whereas
piezoelectricity requires non-centrosymmetric materials [6,223]. In addition to that, flexoelectricity is of
high importance at nanoscales where the strain gradients increase in magnitude, while piezoelectricity
vanishes [224]. As the flexoelectric response is more pronounced at small scales, it was taken into account
for modification of theories for nanometer-sized beams and plates, see, e.g., [225-228] and references
therein. In order to improve the piezoelectric response in the literature, various flexoelectric composite
materials have been proposed, see also [229,230]. Nowadays it is already established that considering
composites made of flexoelectric materials the optimized microstructure can play a crucial role for a
better performance. In particular, the effective piezoelectric response could be achieved for proper
microstructure, as shown by [231] and [232].

In order to improve the performance of composites and lattice materials, homogenization techniques
can be applied. The availability of effective properties and their dependence on microstructure enables
to optimize the microstructure to increase the required response as in [233]. Topology optimization of
flexoelectric structures was discussed in [234]. As flexoelectric materials can be considered as a particular
class of strain gradient materials, the homogenization schemes proposed for such material could also be
useful, as in [202,235]. Unlike piezoelectric composites, see, e.g., [102,221,236,237], up to our knowledge
there exist only up to now few works on the homogenization of flexoelectric composites, see [127] for the

one-dimensional case. So developing a general approach for the determination of effective properties of
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flexoelectric composites is of great interest.

The main objective of this chapter is to set up a homogenization method of heterogeneous piezoelectric
materials towards flexoelectric effective media, which is able to deliver the entire set of piezoelectric,
and flexoelectric effective properties. The proposed method relies on the variational principle (weak
formulation) articulated with Hill lemma [87] extended to flexoelectricity. To the knowledge of the
authors, this is the first time such a general homogenization framework is proposed.

The outline of this chapter is as follows: section 4.2 represents a first gradient homogenization towards
piezoelectric medium starting from piezoelectric heterogeneous medium which is further extended to the
consideration of the gradient of strain and electric fields to derive the effective flexoelectric properties
in section 4.3. The algorithm for determining both piezoelectric and flexoelectric moduli is explained in
section 4.4. Finally, a summary of the main thrust of the work is given in the conclusion in section 4.5.

In the context of periodic homogenization, the microstructure is identified within an irreducible
representative unit cell, which by periodic translation generates the entire composite domain. In the
context of composite materials Fig. 4.1, the reinforcement has higher properties in comparison to its
surrounding matrix. A state of perfect adherence at the interface between both constituents is assumed
in the present work, so that both the displacement and traction are continuous across the interface

between reinforcement and matrix.

Y2 ‘ Domain of matrix ‘

Y, ‘ Domain of inclusion ‘

Figure 4.1 Two elastic materials with rigidity and piezoelectric coefficients a;, b; (the index ¢ stands for the

constituent within the unit cell)

Here and in the sequel, we distinguish the microscopic scale (at the scale of individual phases) within
the unit cell, denoted by the spatial position y, from the macroscopic scale of the homogenized continuum
(thus replacing the initially heterogeneous composite by a homogeneous substitution media with effective
piezoelectric or flexoelectric properties), for which we employ the spatial position vector z.

A few words regarding notations are in order. Vectors and higher-order tensors are denoted with
boldface symbols. The bracket (f(y)), = ﬁ | f(y)dV, denotes the volume average of any quantity,
here the scalar-valued function f(y) over the doﬁlain of a reference lattice unit cell Y, with infinitesimal
integration volume dV,. The partial derivative of a scalar function f () is denoted alternatively d, for
%. The gradient and divergence of a second order tensor A are successively denoted by the quantities
A®V, and A.V,. The transpose of the second order tensor is denoted with a superscript ‘T’, so for

. T
instance A" .
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4.2. First gradient piezoelectric homogenization

4.2 First gradient piezoelectric homogenization

In order to set the stage, we recall the strong form of the governing equations at the microlevel of the
composite constituents [238] with a few subsequent simplifications since we primarily aim to focus on the
effects of electric fields — discarding magnetic phenomena in this chapter.

The primal variables are the displacement and polarization vectors u(z,t), P(z,t), which enter as
arguments of the electromechanical energy density. Note that polarization or electric displacement D(zx,t)
can alternatively be chosen as DOF’s (shortcut for degrees of freedom) since they are linearly related,
viz. it holds the relation

D = cE““+ P (4.1)

with €g the permittivity of vacuum, and in which the electric field E°® can be expressed via the electric
scalar potential ¢ as follows

Ef'* = _¢V (4.2)

The last relation automatically guarantees the satisfaction of Maxwell equation
V x E“““ =0 (4.3)
The electric displacement in non-deformed media relates to the electric field and polarization as
D =cyE" + P=¢y(ls+x,) .E" =€ E“ (4.4)

with € the medium permittivity, x, is the electric susceptibility and I the second order identity tensor.
The main steps in the methodology used for the first gradient homogenization can be summarized in
Fig. 4.2.
Since we will focus on statics in this chapter, rate derivatives can be neglected, which entails a decoupling
of the electromagnetic problem into pure electrical and pure magnetic problems. We consider only the
coupling between electric fields with mechanics and ignore magnetic fields; in this case, the local set of

piezoelectric balance equations resumes to
oV, +f=0
£:=u®’V,
on=t%on S,
DV, = p{;
Eelec _ _¢v
= y
Dn=D%onSp
wherein ¢ is the Cauchy stress, and D is the electric displacement.The microscopic strain € is defined as

the symmetrical part of the gradient of micro displacement field. Note that by virtue of the mechanical-

electric analogy, the electric scalar potential ¢ is the analog of the displacement in mechanics, vector u
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Introducing the microscopic piezoelectric boundary value
problem (BVP)

Y

Decomposition of the microscopic kinematic variables into

homogeneous and fluctuating parts

Y

Introducing Hill macro-homogeneity condition and

elaboration of the macroscopic stress measures

Y

Variational formulation to determine the fluctuations of the
kinematic variables and formulation of the unit cell BVP’s
for the localization operators

Y

Expression of the static variables and consequently the
effective moduli in terms of the localization operators

Figure 4.2 Schematic diagram of the main steps in the piezoelectric homogenization methodology

in (Fq. 4.5)2, ensuring satisfaction of kinematic compatibility condition. The force-like variables (o, D)
satisfy natural boundary conditions written there above, with n the unit exterior normal to the domain,
and (td,Dd) are input data on the parts S;, Sp of the domain boundary respectively. The flux like
variables (u, ¢) satisfy natural essential boundary conditions with prescribed values on the complementary
part of the domain boundary; these values are selected to be nil here and, in the sequel, since they do
not contribute to the effective piezoelectric moduli that will be computed. We have considered as a
matter of simplification nil values of the traction and electric displacement in the natural boundary
conditions written in Eq. 4.5. The microscopic variables, namely the displacement and electric potential,

are decomposed additively into a homogeneous part and a periodic fluctuating part:

u(y) = uP™ (y; z) +ii(y)
¢ (y) = o"™ (y;2) + A(y)

wherein the vectors uPo™ (y;x),thom (y;z) are the homogeneous parts of the microscopic displacement

(4.6)

and electric potential, respectively, corresponding to a heterogeneous medium that would behave exactly
as a homogeneous medium. Note that these fields depend on the microscopic position and on the
macroscopic position appearing as a parameter (it is indicated with a semicolon in previous expressions),

as their subsequent expressions will reveal. The fluctuations @(y), and ¢(y) € H},.(Y) (the Sobolev
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4.2. First gradient piezoelectric homogenization

space of Y-periodic functions) in previous decomposition account for the deviation of the postulated
effective homogeneous medium from the initially heterogeneous medium. Homogenization makes an
upscaling of governing equations from the microscale to the macroscale, so that the resulting homogenized
boundary value problem only involves macroscopic variables depending on the sole macroscopic position x.
Accordingly, the microscopic strain and electric field tensors can be decomposed into their homogeneous
and fluctuating parts as:

e(y) =" (z) +E(y),

Ehom(z) = uhom(y)®svy — E

~elec

EeleC(y) — _Qbe — Eelec,hom(x) + E (y)7
Eelec,hom<x) — Ee]z‘llec

wherein F, and E}‘\ffc

are the macroscopic strain, and electric field respectively. The homogenization here
doesn’t account for any higher order gradients so the homogeneous parts will be as shown in Eq. 4.7; for
higher order homogenization, the homogeneous parts will be elaborated later in the next section. In the
sequel, the letter 's’ over ®, that indicates the symmetrical gradient of displacement, will be omitted for
simplification.

The constitutive law for piezoelectric materials has the form:
o0=C:e—el E"

(4.8)
D=e:c+aE"

wherein a is the tensor of dielectric (permittivity) coefficients, C is the tensor of rigidity coefficients, and
e is the tensor of piezoelectric coefficients at the microscopic level.

Multiplication of the mechanical and electric balance laws, (Eq. 4.5); and (Eq. 4.5)4 respectively by
suitable test functions, integration over the domain, integration by part with proper account of the natural
boundary conditions leads to the piezoelectric enthalpy density at the micro-level written in terms of the

strain tensor & and electric field E®€® defining the microscopic degrees of freedom (DOF in short):
elec 1 elec
wy (e, ET°) = 3 (0ijei;—DrER) (4.9)

Hill macro-homogeneity condition for piezoelectric media states that the volumetric average of the

microscopic enthalpy (or strain energy) is equal to the macroscopic enthalpy (or strain energy):
1 _
<w#(e,Edec)> = Wi (E Eﬂg) =3 (2 : E-E;’;C.D) (4.10)
Y

wherein ¥, and D are the stress, and electric displacement at the macroscopic scale respectively. The
bracket (o) denotes the volume integration over the unit cell, normalized by the unit cell volume. The

subscript in Wj, (E, Ef&“) means macroscopic.
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An extended minimization principle of the macroscopic energy over all periodic fluctuations holds in

the absence of body forces:

Cly :(E+iay)® (E+ua(y) @ Vy)

elec) _ in = g .
War (E,EM ) M o) (B sty (E’ ) dv, (4.11)

Vy) :
. —eT(y).(E;’;c ) (E +i(y) ® V,)
apeH], (V) 2 / V,).
Y
_a(y)' (Ecla\llec _ ) (Eelec )

The stationarity condition of the previous functional delivers, as a necessary condition, the following
boundary value problem (BVP in short) satisfied by the optimal fluctuation associated to the real
displacement field and electric potential (in the absence of body forces for mechanical field and free

charges for electric field); it describes the self-equilibrium of the unit cell:
~div, {C ) : (B+awV,)—€" (). (B - §v,)} =0
div, {a(y). (Bse — 0V, ) +e@): (E+a27,)} =0 (4.12)
i(y), ¢ Y-periodic

Since the previous BVP is linear in the loading (E,Eféfc) at the macroscale, the fluctuations can be

written as:

i(y) = M"F(y): E(x) + M"T (y) .EFF° (2) 13

3 (y) = MP® (y) - E (z) + MPP () B5* (2) "
wherein tensors M“Z (y), M"Y (y) are the displacement localization operators, and M*F (y), M (y)
the electric potential localization operators. The localization tensors relate the microscopic DOF’s to
their macroscopic counterpart. They are dependent on the microscopic position variable within the unit
cell Y and are Y-periodic. Inserting these expressions into the previous BVP leads to the unit cell BVP
for the first gradient piezoelectric homogenization. The previous macroscopic energy is a function of

the fluctuations, written in compact form as a Lagrangian functional of the displacement and electric

potential fluctuations as:

~ 1
L@, ¢] = 3 / {C’ (y):e:e—e” E¥ . e—a. B E¥ ¢ . E.Eelec}dVy

Y
(E+aly)@V,):Cy): (E+u(y) ©V,)
~a. (B§ge - 0v,) . (B - 9v,) (4.14)

-1 / ) av,
| e (B - ov,) (B +a) @ V)

—e: (E+1(y) ®V,). (E,\g - évy) .
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Introducing the fluctuations as a function of the localization operators Eq. 4.13 into Eq. 4.14 leads to:
(B+M"" @) 2V, E@)+M"7 () @V, E% @) :Cy)
: (E + M (y) @V, E () + M (y) @ v, B (a:))

- (B -M"P )V, B@) - M () @ V, B (@) a

(B -M" @) @V, :E@) - M"" (y) © V, B @)

L@, 4] : v,  (4.15)

I
N —
<—

.y (E;l;c ~MPE () eV, E@) - M (y) o v, Ege (m))
H(B+ M@)oV, E@)+M7 (y) eV, B (@)

e (E+M"F(y) 2V, : E @) + M"" (y) © V, B (z))

(B -M"P )V, B@) - M y) @V, B @)

The effective piezoelectric constitutive law is then obtained by applying partial derivatives with respect
to F and E}‘\ffc of the macroscopic energy, which is minimized. Since the unit cell is bounded, partial
derivative and integration can be switched, thus it holds using Hill extended macro-homogeneity condition

the following relations:

oWy (BES) o (o n  OL[Bd]
_ M \E B ) 9 M L = M o
OFE OF ﬁ,,&eHEZ(Y) [’ll,7 ¢] 127<£EH§Z(Y) OE (4 16)
ﬁ _ 8WM (E,Eilfc) _ 0 Min 19 [ﬂ, é] = Min M
DESee OB \aseri, o) - agem,, (v) OE§fe

Inserting the fluctuations as a function of the localization operators (in Eq. 4.13) leads to the expressions

of the effective driving forces for the piezoelectric effect:

(BE+M"F eV, :E+ M0V, Ef):C: (Li+ M7 2V,)

+(L+MPv,) C: (B+ MoV, B+ M oV, Be)

- (E,é, ~MPE )@V, E-MPg vy.Egl;C) a. (—MPE () ® vy)
- (—MPE (y) ® vy) a. (EA’J ~M"P eV, E-M"g Vy.E}‘\fI“)

/ dv,  (4.17)

|- (B -M"P 0V, E-M" v, Be): (L+ M 0V,

— (—MPE ® vy) : (E +M“P v, E+M" e vy.E;l;C)

—e: (E+M“F eV, :E+M"" ®Vy.E3‘f“) : (—MPE ®Vy)

3
e: (I4 +M“E®Vy) . (E‘jff"’fMPE(gvy :EiMPP®vy'Eillec)
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(M“P®Vy) :C: (E+M“E®vy :E+M“P®Vy.E§ff°)
+ (E+MuE®Vy :E+Mup®vy~E7\£Iec) :C: (M oV,
- (Ig —MPP®Vy) a. (E}‘\ffc —MPE®Vy:E—MPP®Vy,E§er°)

(Bfee -M"P 0V, BE-M"" @V, BS) 0 (I - M 2V,

o]
I

av,  (4.18)

N =

<—

—e". (Ee M 2V, E-M"" 0V, E) : (M 2v,)
.y (12 ~MPP g vy) : (E MoV, E+ M e Vy.Eﬁffc)

e (E +M“F v, E+MT® vy.E;’;‘:) : (12 ~MPP g vy)

—e: (M“P ® vy) . (E;l;c ~M"Pgv, E-M"" g Vy.Eﬁffc)
wherein I, is the fourth order identity tensor. In the above equations Eq. 4.17 and Eq. 4.18, the
factorization of the macroscopic degrees of freedom (E,E‘I"\ffec) leads to the expressions of stress and
electric field versus (E,Eﬁf[ec), as shown in Eq. F.1- Eq. F.2 in Appendix F.

Previous expressions highlight the tensors of effective piezoelectric properties given by:

N = Chom - F— eT,hom'Eierc (4 19)
5 _ eho‘m - E +ahom Eelec '
—_— . . M

wherein C"°™, et°m  and @™ are the effective rigidity, piezoelectric and permittivity matrices for the
homogenized medium given in Eq. F.3 of Appendix F .

An alternative more compact form of the effective piezoelectric constitutive law can be formulated based
on the strain localization operators (Z“E ,Z“P ) and electric field localization operators (ZP B ,ZP P ),
elaborated in Appendix F(Eq. F.4).

ZP @) =1, +M" eV,
Z'" (y)=M" oV,
ZPP(y) = -M"F (y) oV,

ZPPy) =L, -M"" (y) 2V,

By comparing Eq. F.6, Eq. F.7 in Appendix F and Eq. 4.19,the homogenized tensors C"°™, et°™  and
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4.3. Homogenization towards flexoelectric substitution media

aho™ express as follows:
(z%):c: 2" + (Z“E) C: 2"~ (2"").a.2""
Chom:% / (ZPE) aZPE_ (ZuE> (ZPE) v,
e () () - (272) e (2%) e (20). (27)
(Z"E) C:2"F 4+ (Z“E) C:2'"~(2"%).a.2""
ghom _ % / (ZPE> 0.z7PE_ (zv ) o7 (ZPE) v, (4.20)
¥

(
. (27%) (79) (%) e (%) (7). (277)
() scw () + () cw (2) - (27) . (2
—(ZPP)T.a. (ZPP) (Z“P) (ZPP) dv,
T (pr) : (Zup) B (ZPP)T.e: (Zup)_e: (Zup) . (pr>

In the sequel, we extend the homogenization method to the consideration of higher order effects, and

hom

)

I
N —
<—

compute the effective flexoelectric properties.

4.3 Homogenization towards flexoelectric substitution media

In view of the derivation of the effective flexoelectric properties of composites (or lattice materials), we
express the homogeneous part of the microscopic displacement and electric potential as follows:
1
u" = E (z) .y + iK(m) YRy
K@) =E(x)®V,
1 (4.21)
o™ = B¢ (w) .y + 56y (@) y @y
G, (z) == ES (z) © V.,
The form of the homogenized displacement vector and electric potential in Eq. 4.21 leads respectively to

the expression of the homogeneous part of the microscopic strain and electric field as follows:

ghom (uhom) —E@x)+K(z)y
(4.22)
Eelec,hom (¢hom) _ E;llec (m) —+ Gp (.’B) )

wherein third-order tensor K is the strain gradient tensor and the second-order tensor G, is the electric
field gradient tensor.
Hill extended macro-homogeneity states that the volumetric average microscopic enthalpy density is

equal to the macroscopic enthalpy density in a flexoemectric medium:
1 _
<wﬂ(e,Eelec)> = Wy (E Estee, K,G'p) = (2 E-E%D+S - K-R: G,,) (4.23)

wherein S is the third-order hyperstress referring to higher gradient effects, and the second-order tensor

R is related to the higher gradient electric displacement (the second gradient electric displacement).

(6]



Chapter 4. Homogenization of piezoelectric composites and architected materials towards piezoelectric
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An extended minimization principle of the macroscopic enthalpy over all periodic fluctuations holds:

(E+Ky+iay)@V,):C: (E+Ky+a(y) ®@V,)

1 - (Eﬁfiec +Gpy — ngy> a. (E%Iec +Gpy — szy)
War (E,EﬁffﬁK,G,,) = Min / ] dv,
e H(Y) " (B3 + Gy — 39, ) (B+ Ky +ly) © V)
—e: (E+Ky+ily)aV,). (EAQ + Gy — évy)
(4.24)

The stationarity condition of the previous functional delivers, as a necessary condition, the second order
BVP to be satisfied by the optimal fluctuations associated to the real displacement field (in the absence

of body forces) and electric potential(in the absence of free electric charges) :
—div, {Cy): (BE+Ky+ily) @V,)—e" (Ef+ Gy — ov, ) } =0,
divy {a. (B + Gpy — 60V, ) +e: (B+Ky+ily) 2 V,)} =0, (4.25)
ii(y), ¢ Y-periodic

The fluctuations i (y) and ¢ (y) are expressed linearly versus the effective strain and electric field tensors

and their gradients E (z), E¢¢ (z), K (z),G, (x) which constitute the loading in the BVP Eq. 4.25:

(W) = M"F (y) : E(z) + M (y) B (2) + M"S (y) . K (z) + M () : G, (a)

[

(4.26)
¢(y)=M""(y): E (@) + M"" (y) ESf° (&) + M"" (y) - K (z) + M"? () : G, (x)

wherein the fourth- and third-order tensors M“X (y) and M“C? (y) are the localization operators that
relate the fluctuating displacement to the strain gradient and electric field gradient. The third-order
tensors MT% () and the second-order tensor M (y) are the localization operators relating the
fluctuating electric potential to the strain gradient and electric field gradient.

Introducing the microscopic strain and electric field in terms of the strain and electric field gradients

(K,G)) gives the following expressions in terms of the macroscopic degrees of freedom:

u(y) @V, = W (Y +id(y) oV, =E @) + K@)y

+M"F (y)oV,  E@@) +M*(@y) oV, . K@)

+ M"Y (y) @ V,.E¢ (x) + M"“P (y) @V, : G, (x)

=Z""(y): E()+ 2" (y) . K (z) + 2" (y) E5f° (2) + Z““" () : G, (x),

(4.27)

— 6(y)Vy = — ("™ (1) + 6(y)) V, = B+ G, (@)

~M" ) eV, E@)-M"™(y) oV, K

- M"" (y) © V, B¢ (z) - M7 (y) @V, : G, (x)

=Z""(y):E(x)+ 2" (y) . K (z) + 277 E§f°(2) + 279" (y) : G, ()

wherein Z"* (y), 2% (y), Z"* (y), 279" (y) represent the localization tensors relating the microscopic
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strain and electric field into the macroscopic higher order kinematic variables, viz:

7" (y) = (Ioy + M (4) © 7,

Z"% (y) =M"" y) @V,

"y =-M"(y v,

2" ) = (Liy - M"* () © 7,
Using Eq. 4.27, the macroscopic energy in Eq. 4.24 is then elaborated in terms of the localization operators
to get a Lagrangian functional of the displacement and electric field fluctuations extended into higher
order terms (see Appendix F, Eq. F.8). The flexoelectric constitutive law is then obtained by taking the
partial derivatives of the minimum macroscopic energy with respect to E, E¢t¢ K, and G, to determine
the expressions of stress, electric displacement, hyperstress, and higher gradient electric displacement
respectively (see Appendix F Eq. F.9- F.13). As a result of these expressions, the tensors of effective
flexoelectric properties involved in the following homogenized constitutive law are obtained:
% =C"": E-e"hm B + B"™ - K—ef"™ : Gp

5= ehom - E+ ahom'E(Ia\llec 4 Fhom K+eDhom . GP

4.28
S = BT,hom - B 7FT’hom.E§lfc + Ahom K-I-Hhom . GP ( )
R= efT,hom - E+ eDT,hom.E}:\erc + HT,hom K+Nhom . GP
All parameters in Eq. 4.28 are defined for the homogenized medium at the macroscale. In details, Bhom

is the fifth-order coupling tensor between the stress and strain gradient, efh"m the fourth-order coupling

Fhom

tensor between stress and electric field gradient. is the fourth-order coupling tensor between

electrical displacement and strain gradient. ep?®™ is the third-order coupling tensor between the electric

AM™ is the sixth-order second gradient tensor. H!™™

displacement and the electric field gradient.
is the fifth-order coupling tensor between hyperstress and the electric field gradient, and N hom is the
fourth-order coupling tensor between higher-order electric displacement and the electric field gradient.

As done in section 4.2, a comparison between Egs. F.10, F.11, F.12, and F.13 allows the determination

e}wm’ -Bhom7 hom’ ah,om7 1_71hom7 eDh,om7 14hom7 ‘H-hom7

of the tensors of homogenized properties C™™, ef
Nhom 45 corresponding integrals of microscopic quantities over the unit cell; these tensors receive however

complicated expressions that will not be explicitly written.

4.4 Algorithm for the evaluation of the homogenized
piezoelectric and flexoelectric moduli

Starting from the theoretical framework mentioned in the previous section, we propose a numerical
algorithm to determine the effective tensors of the homogenized constitutive law for the second gradient

flexoelectric medium.
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Chapter 4. Homogenization of piezoelectric composites and architected materials towards piezoelectric
and flexoelectric effective media

At the micro-scale, the materials are considered as linear elastic and isotropic (knowing that they
should be transversely isotropic but since the direction of transverse isotropy is orthogonal to our plane
of study, we have isotropy within the 2D section considered in this example). In this context, the elastic
stress at a point is related to the deformation at the same point by the two Lame coefficients (A7),
with \ = % the first Lamé parameter and n = ﬁ the second Lamé parameter, expressed
versus Young’s modulus F and Poisson’s ratio v. Taking into consideration Eq. 4.8, and Eq. 4.22, the

microscopic stress and electric displacement can be written in matrix format as:

on A+ 2n A 0 —enn —e2 €11 + B + Kiiyn + Kii2.92

022 A A+2n 0 —e2 —ean €22 + Eag + Kao1.y1 + Ko22.y2

o12 | = 0 0 n  —ei3 —e3 €12 + B2 + Ki21.91 + Ki122.42 (4.29)
Dy €11 €12 €13 a1 0 Eglec ESee, + Gpiryn + Gpizye

Dy €21 €22 €23 0 a2 Eslec + E§ee, + Gpio.yr + Gpaz.yo

where (y1,y2) is the microscopic position vector in 2D situations to which we restrict the analysis here
and in the sequel. The macroscopic deformation E, the macroscopic gradient of deformation K, the

macroscopic electric field E%f“, and the macroscopic gradient of electric field Gp are considered as

kinematic controls applied to the unit cell Y.
The objective is to find the total displacement and electric potential of the unit cell BVP satisfying the

following set of governing equations:

oy).V,=0 inY

D(y).V, =0

on=t%on S,

Dn=D%on Sp

o(y) =C(y) :e(y) +€" (y). E¥(y) inY (4.30)
D(y) = e(y) : e(y) +a(y)-E<(y)

ey)=E+K.y+£é(y)

Ey) =a(y)2"Vy

~elec

E“ =E}f*+Gpy+E

A weak formulation of Eq. 4.30 is introduced to get the following formal homogenized problem, considering

the decomposition of the total microscopic deformation and electrical fields,

Vv, ¢ S H1 (Y) s
[ (cw:etwr-e ) B cwravy — [ (o) :etw) +alw).Ew) B, =0
Y Y
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V‘l),’l/) € Hl (Y)v

~elec

/ (C(y) .G+ E+Ky)—e'(y). (Eﬂg +Gpy+E ))  e(v)dV,
Y

(4.32)

- / (atw). (B + Cpay + ™) tely) : €+ E + K)) B ()dV, = 0
Y

where v and 1 are the test functions. By solving this variational formulation, the periodic fluctuating
displacement and fluctuating electric potential satisfying Eq. 4.31 are obtained. This problem is solved
using FreeFem++ open source finite element software as well as for the subsequent determination of the

first gradient, second gradient, the piezoelectric and the flexoelectric moduli in Eq. 4.28.

4.4.1 Determination of the homogenized first and second gradient moduli

The goal in this section is to determine the first gradient moduli chom (rigidity matrix), the second
gradient moduli A™™ and the coupling moduli B"™ between first and second gradient terms. The
coupling moduli between the electrical displacement and strain gradient tensor F"™ will be determined
as well. Applying the macroscopic strain E as the sole kinematic boundary condition over the unit cell
leads to C"™ while applying K alone as a kinematic boundary condition over the unit cell entails the

evaluation of B"™, F™™ and A"™™. This procedure is condensed in algorithmic format in Fig. 4.3.

Defining the BVP of Eq.4.32

l in FreeFem rl

<l

Solve the BVP for £, =1 and zero

value for all other kinematic variables

!

Calculate ¢ of Eq.4.29, and integrate
it over the UC Y to get XL
corresponding to the first column of

C hom
|

Repeat previous steps for E5, =1 and
E,, =1to calculate the 2" and 3™

h .
columns of C™, respectively

Solve the BVP for K;;; =1 and zero

value for all other kinematic variables

!

Calculate ¢ and D of Eq.4.29, and
integrate them over the UC Y to get

T.D.and § corresponding to the first

h h h
column of B™™ F™", and A™"

!

Repeat previous steps for ijr-- =1to

calculate the 2™ to 6" columns of

B™™ F™ gnd A™™

Figure 4.3 Schematic diagram for the computation of the effective moduli C"°™, Bh™ Fhom gnq Abom
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hom

The moduli ', B"™™ and F"™™ are written in the form:
1
chm L E = W / C(y) : e(u)dV, (4.33)
1
BhOm K= m /C(y) 8(u)dVy (434)
hom 1
F*°" - K = ~ D av, (4.35)

wherein |Y'| is the volume (the area in 2D) of the unit cell.

The average macroscopic hyperstress is written according to the Hill Lemma, as follows:

8WM 0 8wu (E) 6wu (E) 65,»j 851]
P = = _— = _— = 4.
Siak = Ry~ kg e )y <3Kij,c , Doy 0Ky )y \TToKy. ), 49

The microscopic strain field evaluated from the perturbation displacement (determined from the boundary

value problem in Eq. 4.32) and used in Eq. 4.36 is:

. Ouy (y1,
enn =&+ En + Ky + Kigye = S AL AL g?yl yQ),
1
L _ Ouz (Y1, ¥2)
€92 = €92 + oo + Koo1y1 + Kooy = 75‘3; ) (4.37)
2
1 ou 5 ou )
€12 = €12 + Eo1 + = (K121 + Ko1)yr + o (K122 + Ko12)yo = = < 1 (v1,92) + =2 W y2)>
2 ) oy

Then, the tensor A™™ can be related to the hyperstress as follows:

hom - L/ agl]
A K = [ (e sy ) % (4.38)
Y

4.4.2 Determination of the homogenized piezoelectric and flexoelectric
moduli

hom

In this section, the tensors of effective moduli related to piezoelectricity e"*™, ™™ and flexoelectricity

Hhom g phom efhom and N hom are determined. By selecting E = 1 and applying only vector Eglee

hom and permittivity matrix

as a kinematic boundary condition over the RVE, the piezoelectric matrix e
aP™ are obtained, while, by selecting K = 1 and applying, only, Gp as a kinematic boundary condition
over the RVE, the matrices egho™ ephom H hom 4nd N"™ are determined. This procedure is written in

algorithmic format in Fig. 4.4.

The tensors ePo™ ahom ehom ehom are obtained from the relations:

ehom Eelec _ ‘Y| /C )d‘/y Chom - B (439)
a"" ESf° = Nl / D dV, —e"™:E (4.40)

1
" G = / Cly) : e(w)dV, — B - K (4.41)

80



4.4. Algorithm for the evaluation of the homogenized piezoelectric and flexoelectric moduli

+

Defining the BVP of Eq.4.32

in FreeFem

!

Solve the BVP for

_ _ _ elec
E,=1E,=1E,=1 E ;=1
and zero for all other kinematic
variables

'

Calculate ¢ and D of Eq.4.29, and

integrate them over ¥ to get E.D

corresponding to the first column of

h hom

e . A
Repeat previous steps for
_ _ _ elec

calculate the 2™ columns of

P

Figure 4.4 Schematic diagram for computing the effective moduli e'°™, @™ eghom™ ehom H omgnd APo™

1
ep™™ :Gp = T /D dv, — F™™ - K
Y

f

Solve the BVP for all Kfj- =1, GPH =1

and zero for all other kinematic variables

I

Calculate ¢ and D of Eq.4.29, and
integrate them over Y to get

Z.D.and R corresponding to the first

column of ehm.e;m,Hhmm?d A Bom

!

Repeat previous steps for szz =1land

G,1» =110 calculate the 2" and 3™

columns of ei}m.el;’m.Hh“mm?d ABem

The macroscopic tensor R can be written according to Hill Lemma as follows:

>Y (4.43)

wherein the microscopic electric field is determined from the perturbation electric potential (determined

Rij = <Dk

6Eglec
8Gij

from solving the B.V.P Eq. 4.32), and can be written according to Eq. 4.307 as:

Eflec — ETIE‘C + Ei}[elc + Gp11y1 + Gpi2ye

E;lec _ Eglec + E?\/ZIEQC + Gp12y1 + Gpaoyo

The tensors HP*™ and NPe™ gre then determined from the relations:

1
Hhom: _
G |Y|/ <“
Y

1
NP™:Gp=— [ (D
} |Y|/<
Y

- Oeij
Y aK”k

v aEflec
OG,

(4.42)

(4.44)
) dv, — Abem - K (4.45)
> dv, —HP™ - K (4.46)
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4.5 Conclusion

In this chapter, the effective linear piezoelectric properties of heterogeneous materials have been evaluated
in the context of periodic homogenization, employing a variational formulation in combination with the
extended Hill macro-homogeneity condition. The microscopic variables — the displacement vector and
electric potential — have been expressed as the sum of a homogeneous part and a fluctuation obeying a
minimum principle of the energy functional. The entire set of homogenized moduli has been obtained,
expressing as volumetric averages of the microscopic properties of the individual constituents weighted
by the displacement and electric potential localization operators.

This framework has then been extended to the computation of the effective flexoelectric properties,
thereby accounting for higher gradient effects that may be induced by a strong contrast of properties of
the constituents within the composite. A numerical algorithm relying on solving the weak formulation
of the BVP when applying different macroscopic kinematic boundary conditions is adopted and can be
applied to both composite and architected materials.

The proposed homogenization method has given rise to a finite element implementation for the efficient
computation of the effective flexoelectric properties of composites in a broad sense. This numerical
platform is convenient to investigate in the next chapter the flexoelectric properties of architected

materials and composite materials.
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Chapter 5

Applications of piezoelectric and

flexoelectric homogenization

Summary

In this chapter, we compute the effective piezoelectric and flexoelectric properties of heterogeneous
piezoelectric materials in the context of the previously developed periodic homogenization, that is based
on a variational formulation and articulated with the extended Hill macro-homogeneity condition. The
obtained homogenized properties are employed for the determination of the wave propagation attributes of
piezoelectric composites. The dynamic equilibrium equations, accounting for higher gradient effects, are
formulated to deal with wave propagation in flexoelectric media, considering the Classical Flexoelectric
Theory (CFE) and the Non-Local Flexoelectric Theory (NLFE). The obtained dispersion relations show
that flexoelectric medium is a dispersive medium and anisotropic when increasing the wavenumber unlike
the piezoelectric medium.

An analysis is performed to study the sensitivity of the effective flexoelectric moduli to the geometrical
variables of the considered unit cells of periodic lattice materials. More specifically, hexagonal, re-
entrant auxetic, and rectangular unit cells are investigated in terms of their relative piezoelectric and
flexoelectric response. Regular hexagonal, re-entrant hexagonal and rectangular lattice unit cells are
mutually compared in terms of their flexoelectric properties. The coupling between mechanical and
electrical fields is attested by the non-uniform distribution of the electric potential within the three

studied architected materials subjected to a uniform strain.
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5.1 Introduction

The capability of certain materials to convert electrical fields into mechanical deformation and vice
versa is essential in numerous engineering applications such as sensors [239], actuators [240], and energy
harvestors [1,241], thanks to the piezoelectric effect. Nowadays there exist various natural and artificial
piezoelectric materials, such as quartz, zirconate titanate (PZT), barium titanate and many others.
However, due to the advantageous properties of flexoelectricity over piezoelectricity, it was highly studied
and demonstrated in a wide range of materials such as liquid crystals [19], crystalline dielectrics [3], and
polymers [242]. This phenomenon can offer a path for designing alternative materials and devices for
electromechanical transduction that exploit gradients, either alone, such as in the micro (MEMS) and
nano-electromechanical systems (NEMS) [243-246], or in combination with piezoelectricity as a way to
enhance the apparent piezoelectricity [247].

Recent works focused on flexoelectricity for lattice materials; this class of materials is defined
as porous materials with reticulated structures, typically constructed with a periodic microstructure
allowing the identification of a repeated unit cell (UC). Among the architected materials that deserved
extensive studies, the hexagonal honeycomb configuration was selected due to its simplicity and easy
manufacturability. Different variants of the hexagonal honeycomb (HC) exist as a result of the orientation
of the ligaments, leading to the realization of an auxetic effect with negative Poisson’s ratio [248].
Many works were devoted to studying the mechanical behavior of these variants constructed from
elastically isotropic materials showing both conventional and auxetic responses [248-250]. Considering
piezoelectricity in such metamaterials allows the analysis of their electromechanical properties [251].

Wave propagation in composite piezoelectric materials has raised a lot of research attention in the last
four decades, starting with Tiersten [252] who derived the analytical solution of wave propagation in an
infinite piezoelectric plate relying on classical piezoelectric theory. [253] obtained the exact solution of
wave equations within an infinite plate including the electromechanical coupling. More recently, the quasi-
electrostatic wave propagation analysis within stratified composites was performed in the framework of
the nonlocal piezoelectric theory in [221,254] with special focus on two-layer stratified composites made
of LiNbO3 and PVDF layers.

It is worth mentioning in the context of wave propagation the prevalence of two main theories for
piezoelectric phenomena, namely classical piezoelectricity (CPE) and nonlocal piezoelectricity (NLPE).
The effective properties obtained by mathematical homogenization have been used to compute the wave
propagation features accounting for the influence of an internal length parameter of the so-called NLPE
(nonlocal piezoelectric theory) developed by Eringen [255]. It is well-known that piezoelectricity has
the ability to modify structure of wave propagation characteristics in composites, by modifying the
locality —and thus intensity- of the applied field, [256]. The coupling of the electric and mechanical fields
leads indeed to considerably modified dispersion attributes, a behavior typically observed for highly

anisotropic microstructural designs [257,258]. Moreover, while CPE theory is local in space (the stress
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at one material point depends on the strain and electric field at the same point), it faces limitations for
size-dependent continua, which incorporate internal length in their very formulation. For such media
with a microstructure giving rise to size-effects, one has to resort to the NLPE continuum theory, which
states that the stress and electric displacement are affected by the strains and electric fields at all points
within an influence region. The size of this region is fixed by a nonlocal scalar parameter, as exposed in
[255,259].

In this chapter we apply the flexoelectric homogenization approach to calculate the effective
electromechanical moduli for different structures including composite materials and lattice structures.
As well, we extend the wave propagation analysis done so far in the literature for piezoelectric waves
in periodic composites by including higher gradients of the strain and electric fields as a novel aspect.
The wave propagation analysis is performed based on the computed effective flexoelectric properties in
situations where gradients are of importance, like in composite materials showing a strong contrast of
mechanical and electrical properties of their constituents. Moreover, we employ the nonlocal flexoelectric
theory by combining the flexoelectric static properties computed by homogenization with the nonlocality
inherent to the NLPE theory.

The outline of this chapter is as follows: The piezoelectric and flexoelectic homogenization theory is
exemplified by numerical computations of the homogenized flexoelectric properties of inclusion-based
composites in section 5.2 followed by a wave propagation analysis performed in section 5.3, adopting
successively the classical flexoelectric theory and the nonlocal flexoelectric theory. Studying of the
electromechanical coupling for architected materials is performed in section 5.4 . A summary of the

main thrust of the work is given in the conclusion in section 5.5.

5.2 Effective flexoelectric strain gradient properties of
composites

We subsequently employ the methodology elaborated in chapter 4 and the algorithm described in
section 4.4 to compute the effective homogenized properties of a piezoelectric composite consisting of
two piezoelectric materials, namely LiNbOg employed for the inclusion and Polyfluorure of Vinylidene
(PVDF in short) used as the matrix phase. The representative unit cell(UC) is shown in Fig. 5.1 and
the properties of both constituents are listed in Table 5.1 [260] and Table 5.2 [261] . The volumetric

percentage of LiNbOg within the unit cell is characterized by the parameter v¢ (here vy = 0.3).
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Imm

F

»
>

Imm

Figure 5.1 Representative unit cell with circular inclusion and square matrix. The unit cell has a linear unit

length. The volume fraction of inclusion is 0.3.

Table 5.1 Mechanical and electrical properties of LiNbO3 inclusion [260].

LiNbOs3

E; =170000M Pa
Mechanical properties

v = 0.25

(615)1 = 3.69

(622)1 =242
Piezoelectric properties (C/m?)

(631)1 =03

(633)1 =1.77

(all)l =4.04
Dielectric properties (10719F/m)

(a33)1 =2.32

Table 5.2 Mechanical and electrical properties of PVDF matrix [261].

PVDF
FE5 = 2450 M Pa
Mechanical properties
Vo = 0.34
(e15)2 =0

Piezoelectric properties (C/m?)  (eg1)y = 0.024

(633)2 = —0.027

(au)g = 0.655
Dielectric properties (10719F/m)
(a33)2 =0.673
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The general effective flexoelectric constitutive law for the homogenized medium can be expressed in

matrix format as follows (the effective homogenized moduli hold the superscript hom’ but it is omitted

here in the matrix format for simplicity):

X1
Yoo Cu

C
S 12
_ Cis
Dy
. €11
D

€12
S By,
5112 B12
5222 BIB
Sa21 Bia

Bis
Si21

Big
S122

€f11
Ry

€fi2
Rao €f13
Ry

€21

€22

Ba;
Bao
Bos
Bay
Bos
Bog
€fo1
€fao

€f3o

Cas
Cs3

€31

—€11

—€21

—€31

€D11

€D12

€D13

—€12

—€22

€p21

€D22

€D23

—C€f11
—€fo
—€fs1

€D11

—€f1g
—€fa9
—Cf32

€D12

€f13
€fo3
€f33
€D13
€p23
Hys
Hos
His
Hys
Hs;
Hes
Nis
No
N33

(5.1)

The main homogenized flexoelectric properties determined by the proposed flexoelectric homogenization

are listed in Table 5.3, with the following physical units: C’Z-hjom is in (MPa), a;¥

is in (10719F/m)

is in (10719C/m), A?]Qmis in (M Pa.mm?), Fg}om is in (1071% C/m), and NihjOm in (N.mm?/V?).

hom
» €Fij

Table 5.3 Homogenized mechanical and electrical properties of composite structures modeled as flexoelectric

media.

hom hom
Cl 1 012

hom

€¢33

hom

€512

9956.46  2617.33

0.0076

-0.21

hom hom
All A12

hom
Nll

hom
N22

1374.78  485.087

o o
5956.24  1347.76
A A
1494.28  473.541

1.43

1.4

A comparison with the results obtained in [262] shows a good agreement for the piezoelectric and

dielectric coefficients with maximum relative error for the piezoelectric coefficient 3% and for the dielectric

coefficient (permittivity) around 1% (see Appendix G ).
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5.2.1 Impact of the inclusion volume fraction and contrast of properties

The first parameter of interest, influencing the homogenized properties, is the volume fraction of inclusion
which is studied by changing the inclusion diameter D (the inclusion domain is the circle, the matrix
domain is the square in Fig. 5.1 and L is the unit cell linear length). The second parameter is the

ratio of inclusion to matrix tensile moduli, E¢/E,,. Fig. 5.2 through Fig. 5.4 show the variation of the

homogenized moduli with the inclusion diameter.
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Figure 5.2 Homogenized (a) First gradient rigidity coefficients, (b) Strain gradient rigidity coefficients as function

of D/L.
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Figure 5.3 Homogenized (a) piezoelectric coefficients e"°™, (b) permittivity coefficients a"°™ as function of D/L.
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Figure 5.4 Homogenized (a) flexoelectric coefficients ef"°™, (b) coupling coefficient N"°™ as function of D/L.

hom

The homogenized coefficients of the first gradient rigidity matrix (C{lfm, Cis ) and the strain gradient
rigidity matrix (A}9™, A59™) shown in Fig. 5.2 increase with the inclusion diameter; the increase is due
to the corresponding increase in the relative amount of the more rigid phase (inclusion). In the graphs of

hom om

Fig. 5.3, the absolute value of the coefficient ef¢™, and the coefficient e5¢™ increase with the inclusion’s

diameter, as well, the permittivity coefficients a}$™ and a$™ increase with the diameter of the inclusion.
This increase is due to the increasing percentage of the inclusion phase (LiNbO3) having the higher values

of permittivity (ai1, azz). The flexoelectric coefficients e}}‘{‘ln, e}}‘{g‘ in Fig. 5.4(a) are also increasing with

the diameter of the inclusion. As well,the coupling coefficient NI¥™ increase as diameter of the inclusion
(ratio D/L) increases in Fig. 5.4(b).

Next, the analysis focuses on how the effective properties of the homogeneous unit cell are impacted
by the contrast in Young’s modulus between the inclusion and the matrix. To this end, the unit cell in
Fig. 5.1 is considered with a radius R = 0.3mm. The mechanical properties of the PVDF matrix are
chosen as in Table 5.2, while those of the inclusion are varied. Fig. 5.5(a) illustrates that when the unit
cell is homogeneous (with Ef/E,, = 1), the first gradient moduli matches the mechanical properties of
PVDF, and experiences a sharp increase as the ratio of inclusion to matrix Young’s modulus increases
until it reaches a plateau. Fig. 5.5(b) shows that the strain gradient rigidity coefficients start from a
non-zero value for the homogeneous unit cell and increase rapidly for a ratio close to 10, beyond which
they remain constant. The permittivity coeflicient in Fig. 5.6(a) starts from a value that matches the
permittivity of PVDF for the homogenized unit cell and then starts decreasing with the ratio of Young’s
modulus. However, Fig. 5.6(b) shows that the coefficient related to flexoelectricity increases rapidly then
converges to a constant value with the ratio of Young’s modulus.

The internal lengths are defined in full generality as the ratio between second gradient to first gradient
coefficients for the different deformation modes; they quantify the strengths of strain gradient phenomena

relative to first gradient ones. For mechanics, the internal lengths express in terms of the rigidity
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coefficients as (the superscript s refers to the static case).

Ahom Ahom
l;x = }11im’ l;y = }11?)111 (52)
\ O Crs

These lengths in extension and shear remain nearly constant over the considered range of moduli ratio,

with a value about one-half that of the unit cell size. This indicates that the first and second gradient
effects equally contribute to the internal length in terms of their sensitivity to the mechanical properties
of the individual composite constituents.

The internal lengths for electrical phenomena (described by superscript E) express as the ratio of
flexoelectric and permittivity coeflicients as
Ny

hom
agy

(5.3)

E _
lwx_

1Z_ is found to be constant with a value around one-half. This shows that the internal lengths associated
to electrical phenomena are approximately the same as those of mechanical phenomena quantified by the

internal lengths I3, 13, .
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Figure 5.5 Variation of (a) the first gradient rigidity coefficients, and (b) strain gradient rigidity coefficients

versus the ratio of inclusion to matrix Young’s moduli.
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Figure 5.6 Variation of (a) the permittivity coefficient , and (b) the flexoelectric coefficient versus the ratio of

inclusion to matrix Young’s moduli.

The distribution of the fluctuating displacement along a vertical line passing through the center of the
inclusions is represented for one- and four-unit cells (Fig. 5.7) when applying the macroscopic strain E
and strain gradient K as kinematic loading over the unit cell. The fluctuating vertical displacement i,z is
plotted along the vertical line with the microscopic position o varying from 0 to 1. To this end, Fig. 5.8
shows the computed values of @2 when the unit cell is subjected to the kinematic loading F1; = 1, and
K111 = 1 respectively for the flexoelectric medium. Across the interface of the inclusion and matrix, the
displacement remains continuous. For four unit cells, the fluctuating displacement 1,2 is repeating the
pattern obtained for a single unit cell, and it appears to be nearly constant far away from the interface
(in the inclusion). Strong displacement variations are indicators of the existence of the interface between

inclusion and matrix.

Yi

Figure 5.7 Four unit cells with a vertical line passing through the center of inclusions.

In Fig. 5.9 the values of @iyo for a single unit cell determined when applying the strain component E1; are
approximately twice the values for four unit cells; they will become identical when a normalization by

the number of unit cells is applied (number of vertical cells as shown in Fig. 5.7,N=2 here), repeating the
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pattern obtained for a single unit cell over the neighboring (internal) unit cells. Consequently, the Cauchy
homogenized elastic coefficients remain unchanged for computations done with one or a multiple number
of periods (since the spatial distribution of the fluctuating displacement does not depend on the unit cell
after normalization). Meanwhile, the values of @y, for a single unit cell, determined when applying the
strain gradient component K111, are approximately four times the values of for four unit cells.

The constant values of 1, in Fig. 5.9 are related to the position of the inclusion; one can thus predict
the diameter of the inclusion from the figures where there is a constant line (for example, from Fig. 5.9,
for 1-unit cell: the diameter value is 0.8-0.2=0.6). As observed in Fig. 5.8, the fluctuating displacement
values in a flexoelectric medium are less than those in pure elastic medium. This can be related to the

piezoelectric nature of materials that can lead to an electric field besides the mechanical deformation.
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Figure 5.8 Distribution of the vertical fluctuating displacement (in mm) on the vertical axis, due to a) E11 = 1,

and b) K111 = 1 along a vertical line through the centers of the inclusions for flexoelectric medium.
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Figure 5.9 Distribution of the vertical fluctuating displacement (in mm) on the vertical axis, due to a) E11 = 1,
and b) K11 = 1 along a vertical line through the centers of the inclusions for the pure elastic medium with no

electric effects.
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5.2.2 Contribution of the fluctuation enthalpy for flexoelectric composite

materials

In order to investigate the accuracy of modeling the composite by a flexoelectric second gradient
continuum, the relative contribution of the fluctuation enthalpy over the total microscopic enthalpy
density for the successive components of the Cauchy strain, electric field, strain gradient, and electric
field gradient kinematic measures are evaluated. Table 5.4 shows the macroscopic, microscopic, and
fluctuation enthalpies for a unit cell with a volume fraction of the LiNbO3 (inclusion) vy = 0.3; these

energetic contributions are successively defined as follows:
1 —
Witacro = § (2 : E_E?\Z’BC~D +S. .. K—R: Gp)

Woniero = 1 (0 : e—Ealec.D) (5.4)

2
1 ~ =~elec
Wfluctuation = 5(0’ :e—F D)

As shown in Table 5.4, the values of the microscopic enthalpies, macroscopic and fluctuation enthalpies

satisfy the additive decomposition

Wmicro = WMacro + Wfluctuation (55)

Noting that this relation follows from the corresponding decomposition of the microscopic strain and
microscopic electric fields into their macroscopic and fluctuating parts.

Over all, the fluctuation enthalpy represents a small amount (about 3%) of the total enthalpy, which
shows that the effective flexoelectric medium represents a quite good approximation of the initially
heterogeneous piezoelectric composite.

On the other hand, increasing the number of unit cells into four shows that the contribution of
fluctuating enthalpy is decreasing, which reveals a convergence of the strain gradient properties as the

number of unit cells increases, as shown in Table 5.5.
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Table 5.4 Comparison between macroscopic and microscopic enthalpies, and contribution of the fluctuation

enthalpy to the total enthalpy (N/mm?).

Applied Macroscopic Total microscopic | Fluctuation Contribution  of

component Enthalpy Enthalpy Enthalpy the fluctuation
(%)

Eqq 2978.31 2921.99 -56.3213 1.93

Ess 2978.23 2921.88 -56.3507 1.93

ESlee 2620 2540 -76.8 3

Elee, 2616.26 2539.84 -77.328 3

K111 745.243 730.984 -14.2582 1.95

Ki1o 884.494 865.708 -18.7859 2.17

Kooy 884.491 865.448 -19.043 2.2

Koo 745.353 731.083 -14.27 1.95

Gpi1 5600 5460 -134 2.5

Gpa2 5597.179 5462.7 -134.4 2.5

Gpi2 5597.179 5462.78 -134.4 2.5
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Table 5.5 Comparison between macroscopic and microscopic enthalpies, and contribution of the fluctuation

enthalpy to the total enthalpy (N/mm?).

Applied component Contribution of Fluctuating | Contribution of Fluctuating
enthalpy for 1 Unit cell enthalpy for 4 Unit cells

Eyy 1.93 1.89

Ess 1.93 1.89

ESlee, 3 2.9

ESlee, 3 2.9

Kin 1.95 1.9

K12 2.17 2

Koo 2.2 2

Ka22 1.95 1.9

Gpi1 2.5 24

Gp22 2.5 24

Gpi2 2.5 2.4

The subsequent section of the chapter is devoted to planar wave propagation analysis within flexoelectric

media, based on the effective medium description and properties that have been computed.

5.3 Wave propagation analysis in a flexoelectric medium

In this section, the wave propagation analysis within flexoelectric media will be investigated. In such
media, the second gradient parameters are incorporated to be more precise in describing the dynamic
behavior of the heterogeneous medium based on its effective properties. Using the effective homogenized
properties towards piezoelectric and flexoelectric continua in Table 5.3 of the unit cell in Fig. 5.1, the

wave propagation attributes of the piezoelectric and flexoelectric composites are determined.

5.3.1 Planar wave formulation for nonlocal flexoelectric media

There are two theories describing the piezoelectric phenomenon: the classical piezoelectricity theory
(CPE), and the non-local piezoelectricity theory (NLPE). In the classical piezoelectricity theory (CPE),
the stress and electrical displacement at one point depend solely on the local strain and electric field at the
same point. Whereas in the NLPE, the stress and electric displacement at one point depend on the strain

and electric field of the whole body or within an influence region around each material point [255]. We
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extend in this section the CPE and NLPE theories to consider the strain gradient aspects of the medium;
(CFE): classical flexoelectric theory and the non-local flexoelectric theory (NLFE in short). Referring to
[259], the governing partial differential equations, obtained after a mathematical transformation from the
local stress to the non-local stress can be approximated as follows:
(1 —n?V?)1i = Bij
(5.6)
(1 —n2V?)dy = Dy,
wherein 7;; and dj are the non-local stress and electric displacement components respectively; ¥;; and
Dy, are the local stress and electric displacement components, respectively and n is the internal length,
which represents the size of the influence region of the stress (it has the dimension of length scale).V? is

82 62
0x12 + Oxo2 "

the 2-D Laplace operator given in Cartesian coordinates by: V? =
Under the quasi-electrostatic assumption, and according to [263], the partial differential equations of
mechanical wave motion for in-plane wave modes are given by:

Tij,j = Pl

(5.7)
dk,k =0

where p is the effective density of the homogenized medium. The substitution of Eq. 5.6 into Eq. 5.7
leads to the following general equations of motion based on the NLPE theory:
Bijg = (1 —n*V?)pi;

(5.8)
Dk,k =0

In the context of the non-local theory, the dynamic equilibrium equations describing the wave motion in

the homogenized flexoelectric medium write more specifically from Eq. 5.8, and using notation in Eq. 5.1

as:
0¥y 0%12  9%Si11 02S1a0 9%S1 ag2y O°UL
_ _ _ —(1—
gy O 02 03 omons LTV G
O¥1a  0%as  0%Sa11 02S220  0%Sa90 2oy 07Uz
- - - —(1- g2 .
Gor * Oma 0?0223 dmdm LTV IR (5.9)
Gﬁl n BEQ B 82R11 B 32R22 B 82R12 .
Ox1  Oxs 0xr? 0x3 0x10xs

We consider the propagation of harmonic planar waves for the mechanical and electrical fields of the

form:

Ui(z1,29,t) = Uexp i(wt — k1z1 — ko)
Us(x1,29,t) = Vexp i(wt — kyzy — kaxo) (5.10)
O(x1,x9,t) = Pgexp i(wt — k1z1 — koxa)

wherein (Uy,Us) are the components of the displacement field, ® is the electric potential, all quantities

being expressed in a Cartesian basis. The scalar quantities (U, V, ®¢) are the wave amplitudes, (ki, k2)

is the wave vector, and w is the frequency of propagating waves.
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5.3. Wave propagation analysis in a flexoelectric medium

By substituting the constitutive law in Eq. 5.1 and the harmonic wave solutions Eq. 5.10 in Eq. 5.9, the

wave motion equation is derived in the synthetic form:

H(k17k27w7t7p7n) Vv =0 (511)
(0]

with the matrix II therein having its components expressed in the Appendix H. The necessary condition
of a vanishing determinant of matrix II is needed for Eq. 5.11 to have an infinite number of solutions. For
planar waves without attenuation in the Cartesian coordinate system in 2-D, the propagation constants
along the x; and x5 directions are respectively k1 = |k|cos(©) and ko = |k|sin(©) , where k is the
wavenumber and © is the angle of incidence of the propagating wave. Any triad (k,ke,w) obtained
by solving the eigenvalue problem in Eq. 5.11 represents the dispersive plane wave propagation at the

frequency w.

5.3.2 Dispersion relations in flexoelectric media in the framework of the

classical flexoelectric theory

In this section, the analysis of wave propagation is done on the homogenized composite of Fig. 5.1, using
the classical flexoelectric theory (n =10).

Fig. 5.10 shows the dependence of the frequency on the propagating direction for the two given
wavenumbers |k|=1 and |k|=2 in the effective flexoelectric medium. It is observed that as the wavenumber
increases, the frequency increases for both shear and longitudinal waves. The non-linear increase in wave
frequency as a function of wavenumber (Fig. 5.11) indicates that the flexoelectric medium is a dispersive
medium. That is, for each wavenumber, and at a certain incident angle, the wave propagating in the
medium will depend on the frequency of incident waves. The irregular shapes of the shear and longitudinal
wave diagrams (for |kL|=1 and |kL|=2) indicate the non-isotropic behavior of the homogenized medium.
This is justified by the dependency of the wave frequency on the incident angle of wave propagation. As
the wavenumber increases, the irregularity in the shape of the band-diagrams increases for both modes,
causing the behavior of the medium to become more anisotropic.

Fig. 5.12 shows the dependency of the propagating frequency on the incident angle of propagation for
the wave numbers |kL|=1 and |kL|=2 within a piezoelectric medium considering no higher gradient effects
thus taking only the effective properties related to a pure piezoelectric effective behavior. Inspection of
Fig. 5.12 shows that when increasing the wavenumber, an increase in the propagating frequency of the
shear and longitudinal waves occur. Unlike the flexoelectric medium (Fig. 5.10), the irregularity in the
shape of the wave diagrams (Fig. 5.12) remains the same when increasing the wavenumber. This means

that the anisotropic behavior of the piezoelectric medium is similar for increasing wavenumbers.
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Figure 5.10 Wave frequency in the effective flexoelectric medium for a wavenumber |kL|=1 (red: shear waves,
blue: longitudinal waves), |kL|=2 (green: shear waves, orange: longitudinal waves) as function of the incident

angle.
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Figure 5.11 Wave frequency as a function of wavenumber in the effective flexoelectric medium.
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Figure 5.12 Wave frequency in the piezoelectric medium for a wavenumber |kL|=1 (red: shear waves, blue:

longitudinal waves), |kL|=2 (green: shear waves, orange: longitudinal waves) as function of the incident angle.
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5.3.3 Effect of the non-locality of the electric field on wave propagation

analysis

In this section, the influence of the characteristic internal length n in Eq. 5.9 is analyzed: this parameter
affects the non-locality of the electric field.

In Fig. 5.13, we analyze the dependence of the frequency on the wave propagation direction for several
values of the normalized non-local parameter n*, where n* := # and L is the unit cell linear length so that
n* € [0, 0.01, 0.025, 0.1, 0.4]. It shows that the frequencies of both propagating modes are impacted
by the non-locality parameter n* of the piezoelectric field. Upon increasing n*, the cut-off frequencies
of the band-diagram decrease for both modes. This entails that the maximum frequency value beyond
which no elastic waves can propagate in the composite decreases with the field non-locality to function

as a high frequency isolator [263].

)=
)=

Figure 5.13 Wave frequency in the flexoelectric medium for a) longitudinal waves, b) shear waves, as a function
of the incident angle, for |kL|=1. Blue: n*=0, green: n*=0.01, orange: n*=0.025, red: n*=0.1, light blue:
n*=0.4.

Fig. 5.14 compares the wave frequencies between a piezoelectric medium and a pure elastic medium
for the parameter value n* = 0.01 and |kL|=1. As shown in Fig. 5.14, the frequencies for a piezoelectric
medium are less than those for a pure elastic medium. In the case of a pure piezoelectric medium, the
total incident energy is distributed into a mechanical energy that is significant for wave propagation, and
an electric energy due to the piezoelectric characteristic of the material. Thus, the consideration of the
electric field on a wider region (taking the non-locality effect into consideration) causes the propagating

wave frequency to be lower compared to a material with pure mechanical energy.
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)
e

Figure 5.14 Piezoelectric (red) and elastic (blue) frequencies for |[kL|=1 and n* = 0.01 as a function of the

incident angle for a) longitudinal waves and b) shear waves.

In the next section, the previously described homogenization method towards flexoelectric media is

applied to different architected materials in order to study the mechanical to electrical coupling.

5.4 Coupling between electric and mechanical effects within
lattice structures

The main interest in this section is to study the piezoelectric and flexoelectric response of three different
lattice materials, namely the regular hexagon, the re-entrant auxetic hexagon, and the rectangle shown
in Fig. 5.15. The regular hexagonal and re-entrant unit cells are defined with length parameters L and £,
but with a positive (respectively negative) angular variable 6. For the rectangular unit cell, the defining
geometrical parameters are the two lengths L and h (6=0)(see Fig. 5.15). The methodology mentioned
in the previous chapter is applied for different unit cells corresponding to the different lattice structures
of Fig. 5.15.

The based materials considered are Lithium Niobate LiNbO3 and Polyvinylidene Fluoride PVDF with

their properties mentioned in Table 5.1 and Table 5.2
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(1) ] o
Y G
() L

Figure 5.15 Schematic representation of periodic regular hexagonal (0>0), rectangular (§=0) and Re-entrant

(6<0) lattices; the UC is indicated with a circle for each microarchitecture.

5.4.1 Distribution of electric potential under a mechanical loading

In this section, the three lattice geometries mentioned above are investigated to show the distribution of
the electric field potential ¢ when applying the uniaxial strain component E11 over the unit cell boundary.
A ratio value t/L = 0.2 and an angular variable § = 30° are adopted for the regular hexagon, while a
negative angular variable # = —15° is selected for the re-entrant hexagonal lattice. Fig. 5.16 highlights
the coupling between the electrical and mechanical fields that is visible from the distribution of the electric

potential in the beams building the UC.

5.4.2 Sensitivity analysis of piezoelectric and flexoelectric properties to the

geometrical UC parameters

A sensitivity analysis of the piezoelectric and flexoelectric coefficients to the geometrical UC parameters
is done for the three lattices; the adopted design variables are the dimensionless ratio t/L and the angular
variable 0. In Fig. 5.17, and Fig. 5.18, the considered ratio belongs to the interval ¢/L € [0.04,0.184].
In Fig. 5.17 the constituent material of the considered regular hexagon, the rectangle, and the re-entrant
UCs is LiNbOg3. The flexoelectric coupling coefficients for these three UCs are obtained in Fig. 5.18.

As shown in Fig. 5.17, for the three considered UCs, the piezoelectric coefficient increases with the
slenderness ratio t/L. The values of ef$™ shows that the lattice structure may have a different overall
crystal symmetry than that of the constituent material.

However, the flexoelectric coefficient for the hexagonal lattice in Fig. 5.18(a) seems to be decreasing
with the ratio t/L, whereas the flexoelectric coefficient increases for the rectangular and re-entrant lattice
structures as shown in Fig. 5.18(b)(c). Note that adding a polymer (bi-material structure) makes the
structure less rigid under bending thus leading to have higher values of e?‘l”ln. The feature of a two
components UC increases the heterogeneity at the microlevel, which entails an increase of the higher

order coefficients (flexoelectric coefficient) at the macrolevel.
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Figure 5.16 Distribution of the electric potential ¢ resulting from the application of the strain component E1;

for the regular hexagon (first figure), rectangular (second figure) and re-entrant (third figure) UC.
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Figure 5.17 Effective piezoelectric coupling coefficient €™ as a function of the ratio t/L for the three UCs
using LiNbOs.
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Figure 5.18 Effective flexoelectric coupling coefficient €77 as a function of the ratio t/L for a) regular hexagon

UC, b) rectangular UC, and c) re-entrant UC considering LiNbOs.

The effective piezoelectric and flexoelectric coefficients are next evaluated as a function of the angular
variable for two values of ¢/L . This angular variable is able to control the topology and auxeticity of
the lattice material’s UC. Fig. 5.19 shows that the piezoelectric coefficient 2™ reaches the highest value
for the regular hexagon, in comparison to the other UCs, for both slenderness ratio values t/L = 0.04
and ¢t/L = 0.1. In contrast to this behavior, for the flexoelectric coefficient e?ﬁ", Fig. 5.19 shows that,

for both values of ¢/L, the highest values are obtained for the rectangular lattice (the maximum being

reached for § = 0°). The flexoelectric coefficient decreases further for the regular hexagonal UC(6 > 0°).
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Figure 5.19 Effective piezoelectric coupling coefficient e55™ (a) and flexoelectric coupling coefficient e$7* (b) as

a function of the angular variable of the UC.

5.5 Conclusion

In this chapter, the effective piezoelectric and flexoelectric properties of heterogeneous inclusion-based
composites and architected materials have been evaluated numerically as an application of the proposed
general homogenization framework that is based on a variational formulation and extended multiphysical
Hill macro-homogeneity condition. The effect of the volume fraction and relative tensile modulus of
the inclusion versus the one of the matrix phase has been assessed. Energy Computations show that
the effective flexoelectric medium represents a quite good approximation of the initially heterogeneous
piezoelectric composite. Based on the effective flexoelectric properties, wave propagation has been studied
successively in the frameworks of Classical Flexoelectric Theory (CFE) and Non-Local Flexoelectric
Theory (NLFE). The results of wave propagation analysis show that flexoelectric medium is a dispersive
medium. However, the flexoelectric medium shows a higher anisotropic behavior for increasing the
wavenumber, in comparison to the piezoelectric medium. In addition to that, the frequency of wave
propagation is found to decrease with the non-local parameter. The frequencies of wave propagation are
found to be lower in a piezoelectric medium compared with the pure elastic medium.

A sensitivity analysis to the lattice topology has been carried out, focusing on three types of architected
materials having different unit cells: the regular hexagonal UC, the rectangular UC, and the re-entrant
UC. This analysis allows studying the variation of the effective piezoelectric and flexoelectric moduli
induced by a modification of the topology of the considered UCs. Comparing the three geometries
shows that the highest piezoelectric modulus are obtained for the regular hexagonal UC, whereas the
flexoelectric modulus is found to be maximum for the rectangular UC. The coupling between mechanical
and electrical fields can also be observed through the non-uniform distribution of the electric potential

when applying a mechanical strain over the three architected materials.
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Homogenization of magnetoelastic
heterogeneous solid bodies based on

micropolar magnetoelasticity

Summary

A variational based homogenization method for magnetoelastic composite materials is established in a
small strains framework. The existence of a non-symmetrical stress tensor motivates the elaboration of a
homogenized Cosserat (micropolar) type magnetoelastic effective medium at the macroscale. Generic
expressions of the effective magnetic and elastic properties are derived, showing the existence of
couplings between the elastic and magnetic behaviors at the macrolevel. Application of the developed
homogenization methodology is done for periodic heterogeneous media where the influence of the magnetic
field on the mechanical behaviour of the considered magnetoelastic structure is assessed. The static
boundary condition that is applied causes a strong magnetic field to form inside the structure, while
the magnetic field leads to a very low strain at the macro level because no such coupling exists at the
micro level. The proposed formulation opens new possibilities for an efficient design of multifunctional

metamaterials via computational modelling.
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6.1 Introduction

The design of metamaterials presents promising avenues for the development of fast actuator systems.
The principal bottleneck for their use in applications such as soft biomedical devices, is the need of a
mechanical trigger to activate the structural transition. To overcome such a limitation and allow for
a remote activation of the metamaterial, the use of stimuli-responsive polymers as bulk material for
the metastructure can be considered. In this regard, the emergence of smart materials that respond
to external stimuli has been observed. These responsive materials have revolutionized the design and
conceptualization of the structures that, now, not only provide mechanical support but also specific
functionalities. Some examples of these materials are thermally activated shape memory polymers [264],
photo-activated polymers [265], electro-active polymers [266], and magneto-active polymers (MAPS)
[267-269]. Currently, responsive polymers can be found in soft robotics [270,271], vibration controllers
or dampers [272] and, especially, in bioengineering applications [273-275].

Specifically, magnetorheological elastomers (MRE) outstand as the preferred solution to activate such
transition response, as they allow for a remote activation with several possibilities. The concept of
MRE represents magneto-sensitive materials that can adapt their shape, elasticity and motion by
external magnetic stimuli [276], undergoing large mechanical deformations. The magneto-mechanical
behavior of MREs is determined by the interaction between magnetic forces and the internal stresses
within the polymeric matrix. These stimuli-responsive materials have been used for the development
of metamaterials with controllable structural changes by application of an external stimulus. In this
regard, Schaeffer and Ruzzene [277] proposed a first approach to responsive metamaterials by embedding
macroscopic permanent magnets into an elastomeric lattice. Thus, they determined that mechanical
instabilities caused by magnetic interactions can be used to trigger changes in the topology and stiffness of
the lattice. These mechanical changes can be used to control mechanical wave propagation characteristics
within the two-dimensional metastructure. A more advanced system for magneto-active metastructures
is due to [278], presenting a new magneto-mechanical metamaterial that allows great tunability through
a novel concept of deformation mode branching. Very recently, reconfigurable mechanical behavior of
auxetic metamaterial structures has been reported by [279], by proposing a high-throughput magnetic
programming strategy based on heating magnetic soft materials above the Curie temperature of the
embedded ferromagnetic particles. Then, magnetic domains are reoriented by applying magnetic
fields during cooling. A reconfigurable mechanical behavior of an auxetic metamaterial structure was
demonstrated using the reprogrammable magnetization capability. Thus, MREs have caught the attention
of both industry and scientists, resulting into timely new applications such as soft robotics, vibration
absorbers, actuators, soft and flexible electronics, or drug delivery systems [270,274,280-283].

To perform the constitutive modelling of these magnetically-hard soft materials, a great amount of
articles has been published in recent years, approaching the problem from different points of view. [268,

284] use continuum theories for the elastic deformation of these materials, while [285] and [286,287] take
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into account their viscoelastic effects. On the other hand, micromechanical and lattice models have also
been investigated by [288-290]. More recent approaches for modelling these materials propose unified
formulations for soft and hard-magnetic particles [287,291]. A still open question in the modelling of
hard-magnetic MREs is whether the presence of body couples arising from Zeeman effects due to the
residual magnetization of the particles must be modelled following couple stress continuum theories or,
in turn, may be described by micropolar continuum theories.

In this chapter, we explore the latter possibility and the potential of homogenization frameworks
to provide efficient computational models for the future design of multifunctional metamaterials. To
this end, we first develop a unified formulation of the minimum principle of potential energy in
linear magnetoelasticity combined with an extension of Hill-Mandel macrohomogeneity condition for
the determination of the effective moduli of magnetoelastic substitution media in the framework of a
micropolar (Cosserat) magnetoelastic formulation. The existence of a magnetic torque at the microlevel
triggers to go further in the homogenization into Cosserat effective medium where general expressions of
the entire set of magnetoelastic Cosserat moduli are provided from localization operators solution of unit
cell boundary value problems. Finally, an application of the proposed magnetoelastic homogenization
framework is done for a given microstructure showing strain and bending induced by the application of
a magnetic field.

Regarding notations, vectors and tensors are denoted by boldface symbols. The transpose of a tensor
is written with a superscript notation, for instance B”. The gradient of a tensor field A(y) is denoted
with the nabla operator A(y) ® V,, (with ® the tensor product) and its divergence is obtained as the
trace of the gradient, denoted A(y).V,, with V,the gradient operator acting on the microscopic position
y. The symmetrized dyadic product is denoted with ®°. The dot product therein represents the internal
product in the space of Cartesian tensors. The vector product of two vectors U,V is denoted (U x V),
with components (U x V), := €;;4U;Vi. The vector product of a second order tensor and a vector is the

second order tensor defined as (A X v)ij = Ejmk Aim V-

6.2 General methodology for the homogenization of
magnetoelastic heterogeneous solid bodies

Two distinct scales for composites with periodic microstructures can be identified: the scale of the
microstructure and the macroscopic structural scale; an intermediate scale called mesoscopic is sometimes
introduced, representing the homogenized microstructure with effective properties that have been
computed from an upscaling of the microscopic behavior of the individual constituents of the initially
heterogeneous pattern of the composite. Here and in the sequel, vectors y and £ denote the microscopic
and macroscopic spatial positions of material points with respect to a fixed Cartesian basis, respectively.

In the present context of periodic homogenization, the microstructure is identified within a representative
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unit cell (Fig. 6.1), which by periodic translation generates the entire composite domain. The unit cell

domain consists of at least two phases or constituents with specific mechanical properties.

/ X
+ —_— +

X Y V(x)

Figure 6.1 Composite periodic unit cell Y made of two elastic materials (left) and the homogeneous substitution

medium (right) with domain V() centered around point x.

The center of area of the unit cell, point £ on Fig. 6.1, is defined implicitly by the integral relation

adopting a fixed Cartesian basis:

ﬁ/(y—a:)dvy =0 (6.1)
e

In Eq. 6.1, the integration is performed over all micro-points labeled with the position vector within the
representative volume element (RVE)(which is the unit cell in this case); relation 6.1 has the significance
that the relative position (y — ) of the micro-points has zero average over the unit cell. Note that the
definition given in Eq. 6.1 is simplified when the origin of coordinates is selected at the center of area
of the RVE and it further guarantees the objectivity of the virtual power of internal forces [292]. This
will be our choice here and in the sequel so that the relative position vector simply coincides with the

microscopic position. The volume average can be defined therein as ((e)), = ‘71| [ (o) dY.

Y

6.2.1 Microscopic magnetoelastic boundary value problem

In this subsection, we write the governing equations of magnetoelasticity in small strains framework and
in a static situation, so that dynamic terms can be ignored. The set of local governing equations include
the stress and magnetic field equilibrium; the constitutive laws are those of an incompressible elastic
medium. The small strain tensor which is the symmetrical part of the gradient of the micro-displacement
field:

€ :=u®’V (6.2)

where u is the displacement field vector.
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The magnetic problem includes three main variables, i.e., the magnetic field H, the magnetic induction
(also called magnetic flux density vector) B, and the magnetization vector M. These variables can be

related by the constitutive equation:
B=pu(H+M)—B=B"+uH (6.3)

where pg is the magnetic permeability of vacuum. Note that the work of this chapter considers a magneto-
active material composed of a polymeric matrix filled with hard-magnetic particles. These particles, i.e.,
NdFeB, present high coercivity and a relative magnetic permeability close to one. Therefore, if they are
exposed to a strong magnetic field so that the saturation magnetization is reached, a significant residual
magnetic flux B" is present. This residual magnetization remains constant under external magnetic fields
below coercivity. Hereafter, we follow these hypotheses to simplify the magnetic problem as proposed
by [268], and assume no magnetic dissipation in the hard-magnetic particles under the actuation of low
external magnetic fields. For further reading on the effects of considering magnetic dissipation and full
magneto-elastic coupling, the reader is referred to the recent works by Danas and co-authors [286,293]. In
addition, the recent review by [283] can be consulted for current modelling approaches in hard-magnetic
soft materials.
The magneto-elastic problem can be then conceptualized from an energetic formulation based on the
definition of a total energy € (e, H) as:
QE,H)=9(e,H)+ Mj; (H)
(6.4)
U (e,H) = 0% (g) + 0™ (¢, H)
where M§ (H) = _%MOH .H is the free space contribution due to vacuum magnetic permeability, and
U (g, H) is the free energy of the material. The latter is additively decomposed into elastic and magnetic
contributions. From the definition of this energy, making use of the second law of thermodynamics and

with the help of Coleman-Noll argumentation, the following constitutive equations can be obtained:

o0 o0
0.— &7 B—_aiH (6-5)

For more details on this derivation and fundamental equations of magneto-mechanics, readers are referred
to recent publications [289,294,295] and some classical textbooks such as [296,297].

In the following we define the mechanical potential using linear elasticity theory and the magnetic
contribution for hard-magnetic materials as proposed in [268]. The set of balance laws splits into
mechanical and magnetic balance equations; the balance of linear momentum writes in terms of Cauchy

stress as:
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oV, +f=0
o= o.ela + o9 +0.Max

o' = \Tr (e) I + 2ue

1 6.6
o™ = —_B" ® B = g™a9,sym + o,mag,skew ( )
Ho
1
omagssym (BT @B+ B ®Br) 7a,mag,skew - 7
Ho
Max 1 1
oM* = —_B@B - — [B.B|I
Ho 2p0

The Cauchy microscopic stress, according to the energetic definition of the problem, has been decomposed
additively into elastic, magnetic and Maxwell contributions, tensor o¢®, 6™ and o™, respectively,
thereby showing the influence of the magnetic field on the mechanical response; A and ¢ are the Lamé
coefficients while the vectors f and 7 denote the body forces and magnetic torque respectively. Hereafter
the Maxwell term associated to vacuum permeability of free space is not considered as it has negligible
effects in the current problem [267]. The magnetic part of the Cauchy stress will be elaborated later on.

The balance of angular momentum shows the non-symmetric nature of Cauchy stress, due to the

existence of a magnetic torque 7:

_ T
e:((I 20 )—I—T:O(:)aSkew—l—'r:OinY

1
T=—B xBinY (6.7)
Ho

n.[o] =0 on 9Y
with e the third order permutation symbol (Levi-Civita symbol), and o**¢* the skew symmetric part of
the microscopic Cauchy stress, here represented as a pseudo-vector.

The magnetostatic Maxwell’s equations are taken for the magnetic balance laws as:

Hy)=—-¢@y)V,=CurlH=0inY

BV,=0inY

(6.8)
n.[B] =0 on Y
nx [H] =0 on Y

The magnetic field H is defined from a scalar valued potential ¢ so that the first balance equation is
automatically satisfied. Note that the magnetic potential plays the same role as the displacement, both
determining the magnetic field and strain respectively. Within small strains there is non-reciprocity of
magnetic and mechanical effects, since the magnetic field generates a stress tensor, whereas mechanics does
not influence magnetic phenomena at the microscale (The non-reciprocity is considered as an assumption
in this contribution). We note that further extensions of the proposed formulation to finite deformation
theory would introduce such a reciprocity due to the spatial gradient in the magnetic balance equation

and the transformation of the magnetic fields from reference to current configurations.
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The magnetic balance equation writes accordingly, considering here magnetization as an input datum of
the BVP
(ho- (—¢(y)Vy) +B").V, =0 (6.9)

Note that the magnetic field influences the elastic behavior, but the converse does not hold at the
microlevel; however, as it will appear later on in this chapter, the cross-coupling (mutual) effects of

magnetic and elastic field will be reciprocal after homogenization.

6.2.2 Decomposition of the microscopic kinematic variables into
homogeneous and fluctuating contributions
In order to set the stage, the displacement vector is decomposed additively into a homogeneous part

u"°™ (y) affine in the macrostrain kinematic variables of the Cosserat continuum and a periodic fluctuation

denoted (y) € Hl,,.(Y), the Sobolev space of Y-periodic displacements, viz it holds

per

u(y) = u""(y;z) + i(y)

(6.10)
i(y) Y-periodic
The same decomposition holds for the magnetic field,
H(y) = Hy(z) + H(y)
(6.11)

H(y) Y-periodic

with H ps(z) the macroscopic magnetic h-field. Since the magnetization is represented as the gradient of

a scalar valued function ¢(y), it holds the following relations:

py) = " () + $(y)
&(y) Y-periodic
oMo (y:x) = —H pr(x).y (6.12)

= H""(z) := """ (y;2)V, = Hu(x)
H(y) = —p(y)Vy

The introduced homogeneous solution {uhom (y; ), "™ (y; :l:)} is a function of both the microscopic and
macroscopic variables. The macroscopic position will intervene due to the presence of the macroscopic
variables that will enter the homogeneous fields as will appear later. Such a solution describes the
response of a (fictive) effective continuum that would behave exactly as the selected homogeneous
substitution medium. Thus, the added fluctuation {¢(y),%(y)} in Eq. 6.12 corrects the deviation of the
microscopic displacement of the initially heterogeneous medium from that of the postulated homogeneous
Cosserat substitution medium. The homogeneous displacement is comparatively more involved and will

be evaluated later on.
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The determination of the homogeneous displacement, representative of both classical and Cosserat
effects, is the first step of the proposed higher-order homogenization method. We will proceed in a two
steps method as follows: i) evaluation of the microscopic homogeneous displacement - 4™ (y) in Eq. 6.10,
and subsequently ii) computation of the fluctuating displacement, vector @(y) in the same Eq. 6.10, relying

on a variational formulation, before evaluating the effective classical and micropolar moduli.

6.2.3 Elaboration of the balance laws of the effective Cosserat magnetoelastic

continuum

The integration of the balance of linear momentum for the stress tensor, Eq. 6.6 over the unit cell domain
Y (using the bracket notation) and using Gauss divergence theorem as well as considering the Whitaker
averaging theorem for continuous interfaces, namely the relation < 6 ® V>, =< 6>,®V, [298,299]

leads to the macroscopic equilibrium equation as follows:

@)y - Vat (Fly =0 (6.13)
The second microbalance relation is a result of taking the vector product of Cauchy stress equilibrium in

the balance Eq. 6.6 by the microscopic position vector ‘y’, giving the relation:
€ijkYiokiL T €ijkyifr =0 (6.14)

The couple stress tensor is defined as the second-order tensor j;; := €;uryi0%; and the internal body
couple forces as c; := €;1y; fr. Recoursing to the divergence theorem, Eq. 6.14 is integrated over the unit

cell domain leading to an integral format of the balance law as follows:

Optij )
— +¢ |dV =0 6.15
/y ( y; (6.15)

Applying the Gauss divergence theorem and averaging Eq. 6.15 over the Y domain, we obtain the second
macroscopic equilibrium equation. The equation is adjusted with Whitaker’s averaging theorem in cases
of coherent and continuous interfaces (where the displacement and traction vectors are uninterrupted

across the boundary between different materials), namely < p ® V,>, =< p>, @V, [298,299]:
By - Vo +(e)y =0 (6.16)

From a physical perspective, the previous equation implies that the average microscopic couple stress
tensor within a unit cell, created from Cauchy stress, is balanced to the body couple produced by the
body couple density. ¢ :=y x f.

The balance law for the scalar magnetic potential writes similarly based on Eq. 6.9 and on the repeated

application of Whitaker theorem in integral format as:
(—row () Vy + B" (¥)) .Vy)y = 0= (—pop (y) Vy + B" (y))y-Vo =0

= po(e ¥) Vy)y-Va = (B" ¥))y Ve = 10Aa{e ®))y = (B" ¥))y -Va (6.17)

((toH + B").V,)y = 0= (uoH + B"),.V, = 0= By = (uoH + B"),
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in which A, denotes the macroscopic Laplacian. The last set of relations in Eq. 6.17 is an alternative
writing of the same micro and macro magnetic balance equations resulting in the definition of the macro
magnetic b-field as the volume average By := (uoH + B"),.. Egs. 6.13, 6.16, 6.17, are multiplied
respectively by the fields (v, ¢, 1)) that represent virtual variations of the micro deformation field, micro
rotational field and micro scalar magnetic potential successively. Then, these equations are integrated
over the macroscopic homogeneous volume V' (z) depicted in Fig. 6.1, leading to the total virtual power

of internal forces. After some straightforward steps, the following three balance equations are derived :

7/ <0'>Y:v®VIdV+/ (f)y’vdV+/ (0)y v dS =0 (6.18)
V(z) V() oV (z)
Ve [ ey edve [ gy eds =0 (6.19)
V(z) V(x) oV ()

[, e, e v @ Ve vty [ (o@), Vet ds — [ B @), Ve @) av =0 (620
oV (x) V(z)

The additive decomposition of the microscopic stress into an elastic and magnetic contribution entails a

similar decomposition of the macroscopic stress and bending moment (M):

EM = <J>Y _ <a_sym>y 4 <0,skew>Y _ Eczzvl[a _’_Enﬂ;}ag

Eiljz = <o,ela>y, Eﬂag = <0.skew>y — 7<T>Y

ela —mag

M:={u)y,=M " +M

—ela

M = <“ela>y’ H

(6.21)

mag

= (")

The superscripts ‘sym’ and ‘skew’ respectively denote the symmetrical and skew-symmetrical parts of a
second order tensor, with the decomposition of the macro fields into symmetrical and skew-symmetrical
parts following the corresponding split done at the microlevel in Eq. 6.6. The subscript ‘M’ is used
here and in the sequel to denote quantities evaluated at the macrolevel, to distinguish them from their
microscopic counterpart.

Egs. 6.18, 6.19, 6.20 can then lead to six contributions, Pf,Pg,,,,P5, PiP}.,.Pr,with the indices
e, i, c,m, mag representing respectively the external, internal, Cauchy, magnetic and micropolar powers

(the mechanical powers themselves decomposing into elastic and magnetic contributions):

Pl=— / @)y v ® VpdV = — / (@™ 10 @ VodV — / (a°F) (0 @ V) *dV = Pl oy + Py

V(z) V() V()
Pﬁnzi/ <I‘L>Y:¢®deV:P£’L,ma9
V(x)
g = —ti0 [ (o @y Ve 09V + [ (B @)y v¥adv
V(x) V(z)

(6.22)
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]Dce = / <f>Y ’l)dV+ / <0>Y 'vdS:PSela+P§mag

V(x) oV (z)
PS"L = / <c>Y : ¢dV + / <”’>Y : ¢d8 = P;L}ela + P:;l,mag (623)
V(x) oV (z)
Prag =t [ (o @)y Vads— [ (B @).vav
oV (z) oV (z)

In Eq. 6.22, we have introduced the additive decomposition of the stress into a symmetrical part reflecting
mechanical effects and a skew-symmetrical one associated to the magnetic torque, see Eq. 6.7. The
conjugated kinematic variables are respectively the small strain tensor and the skew-symmetrical part of
the micro displacement gradient, represented by its axial vector (when similarly, the magnetic stress
is represented as a pseudo-vector). Relations 6.22 for the inner virtual powers completed by the
definition introduced in Eq. 6.21 include part of the effective macro variables, the full elaboration of

which articulated in Hill macrohomogeneity condition will deserve the developments of next section.

6.3 Hill-Mandel macrohomogeneity condition and
magnetoelastic homogenization

The postulated Hill macrohomogeneity condition for the magnetoelastic formulation states that the
average of the microscopic virtual power is identical to the macroscopic virtual power of the effective
Cosserat magnetic continuum. It holds the following identity in a situation of scale separation, i.e. when

the microstructure typical size is much smaller than the macroscopic characteristic length:

— 1
QM(EM,KM,HM): (EMSEM+MSKM7.BM.H]V]>:§<0':67.B.H>Y (624)

1
2
Previous relation entails the following macroscopic constitutive law given from the macroscopic potential
QM (EM7KM7HM):

_ 0Qn (Ene, K Hy)
OF s

== O (En, Ky, Hyyp) 0 (En, Ky, Ho)
S M= Ten By = S (6.25)

The strain energy contribution can further be decomposed into a symmetrical and skew-symmetrical part
reflecting the fact that the stress is not symmetrical due to the existence of a magnetic torque responsible

for a non-symmetric microscopic stress tensor:

1 = 1 sym sym skew ppskew AT
§(EA4EM+MKM—BMHM):§(EA/‘; EJSIJ +21\l/} EJJ; +MK]W—BMHA4)=
(6.26)
1
= Slo:e—BH),

wherein the last relation traduces the same Hill macrohomogeneity condition written in Eq. 6.24, but
here explicitly distinguishing the symmetrical and skew-symmetrical contributions.
The virtual power of the effective continuum at the macroscopic level can be expressed as the sum of

the Cauchy internal power, the power of magnetic fields, and the internal power of micropolar medium,
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using Hill-Mandel macrohomogeneity condition for the last relation:

A 1
SWyr = —(Piy, + Pi 4 P Y= / (O)y 9 ® VadV +/ Wy OVadV — [ (B)yapV.dV
V@) | Sy V(z) V(z)
=5 l;/;(a .6 ~B.H)dV, | =S : 6B + M : 6K s — Byr.6Hyg

Y
(6.27)

The last relation in Eq. 6.27 is the extended Hill macrohomogeneity condition representing the equivalence
between the macroscopic energy and the volume-averaged microscopic energy density, expressed here in
the form of virtual power.

The macroscopic kinematic variables, En(z), Ky (x), Hp are then defined, representing the

second-order micropolar strain tensor, the macroscopic curvature tensor and the macro magnetic field,

respectively:
Ey(z) =U®V, —¢-®(x) (6.28)
Ky (z) =®(z)V, (6.29)
Hy(2):=(¢(¥))y Va (6.30)

wherein U is the macro displacement and ®(z) is the macro rotation tensor. The definition of the averaged

kinematic tensors is presented by the set of following relations:

Uz) = ﬁ u(y)dV,
By (@) = 5 (Bule) + B’ @) = 17 [, = 57 [uw) o vy,
Y Y
1 6
B(z) = ||Y/qﬁ(y)dVy = € Pi(2) = V] / u(y) x (y —z)dV, (6.31)

— Ey = EY" + E3f
Ky (z) = ®(x) @ V,

with ETs*ew the second-order skew-symmetric strain tensor, and the scalar [ the side length of the unit

cell. The skew-symmetric part of the macroscopic strain can be elaborated as:
1 T
w=3 (Vev.,)-wev,)")
e w (6.32)
Eskev — o — 28
with E$ke® being the pseudo-vector dual to the antisymmetric tensor ETs*¢% (likewise, the vector w is

dual to the skew-symmetric tensor w). As mentioned in [300], the macroscopic kinematic tensors can

be derived by minimizing the quadratic difference between the microscopic displacement field and its
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quadratic homogeneous approximation. The subsequent computations use the vector form of E‘j\f}e“’.
The consideration of the expressions Eq. 6.28 through Eq. 6.31 leads to the macroscopic micropolar energy

density, function Q;; (Ef\gm,Ef\’/}ew,K o, H M) in a variational form as:

Wy =2 (5EM+€-5‘P)—|—H:5KM—BM.5HM

o (6.33)
— OWa =S OB + B3 - 0B + M : 6Ky — By 6H
with the macroscopic stress and the couple stress tensors expressed as follows:
1 sym 1 sym
3 (E@) + @) = 2 (@) = 7 [ oWy,
Y
nikew(g) N (z) := /n (yxo(y))ds = /n cey®o(y)ds =
ay Y

/ (y xo(y)).Vydv = (y x o(y)) .V, = B3k = / (e-y®a(y)) .V, dv= /aSkew(y)dv
Y ¥ b (6.34)
z’lj\}ekew - _¢- Eil;ew

—Yy = z?\gm + 2’1]\;18]6611)
_— 1
pY) =y x oY) & Wij = Eimk0jmYe — M(x) := %] /,u(y)dVy
Y
Here, £5k¢% represents the pseudo-vector, dual to the second-order skew-symmetric stress tensor X1 skew:

we have considered as a matter of simplification the case of nil body forces. The stress measures further

decompose into elastic and magnetic contributions, based on Eq. 6.25:

sym 00 sym,ela sym,ma

2]&? = aE;\?/jm = 2J\Z +EJ\Z g’
o0

skew __ M  sskew,ela skew,ma
EM - aEiljew - EM + 2:M g? (635)
_— aQ]w ——ela —mag
M = =M M

9K *

The reader is referred to [301] for more details of the homogenization method for pure Cosserat

homogenization (without magnetic effects).

6.4 Determination of the homogenized micropolar
magnetoelastic properties

To find the effective moduli of the Cosserat magnetoelastic substitution medium, a two-step process is
followed. The first step involves determining the homogeneous part of the microscopic displacement
and magnetic potential, as shown in Eq. 6.10 and Eq. 6.12. The second step involves using a
variational principle to obtain the fluctuating part, which corrects for any deviation in the response
of the heterogeneous medium from the homogenized substitution medium. The successive situations
of magnetoelastic homogenization in the Cauchy and micropolar contexts are successively handled.

The first situation corresponds to a nil or negligible magnetic torque, which entails a symmetrical
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microscopic Cauchy stress. In order to set the stage in the homogenization methodology, the homogeneous

contribution to the microscopic displacement is evaluated versus the macroscopic flux type variables.

6.4.1 Elaboration of the microscopic homogeneous part of the displacement

By examining the static variables defined in Eq. 6.34, we can relate the homogeneous component of
the displacement defined in Eq. 6.10 to the macroscopic kinematic variables, grouped together in a set
{EY™ (z), B3 (x) K (z)}, and can be determined by adding up the following contributions. The first

contribution comes from Egq. 6.34,, which relates the stress and strain energy densities at the micro level,

Owy (eij)

4-—2>, and provides a set of relations that are valid for any stress component:
ij

om0 9
=(oii")y = <0}Z§’m 5B E’Zlym> - /Y " ( IE g’ilym - W) dV, =0, Vo™  (6.36)
Y

where I;1 is defined as the fourth-order identity tensor. Note that the magnetic torque arising in Eq. 6.7

Uij

does only influence the skew-symmetrical part of the stress. Considering the arbitrary stress tensor in

Eq. 6.36 leads to the expression of the microscopic strain versus the macroscopic strain

85kl

sym sym
BTN sym —Lijit =0 = ey = Lijn By} ™ — e = Emyy = €k (6.37)

The definition of Cauchy strain versus displacement is substituted in Eq. 6.37 resulting in the first part

of the micro displacement field up to a macroscopic rigid body translation, that is not written here:

6uhom

hom sym
=y FE 6.38
ayl (y) yl M kl ( )

_E]\/[ —>U,

To calculate the second part of the micropolar displacement field, a boundary value problem is formulated
using Eq. 6.34. The relation between the microscopic displacement and the antisymmetric strain vector

Eskew (z) is obtained starting from:

skew skew,ma 6516[
Saite = <€zky o3 g>y + (€ikYionit)y = <<7le> (6.39)
y

In Eq. 6.34, the magnetic skew-symmetrical stress, the pseudo vector with components of*e

q]kaifew Mm% — 7, has been introduced, arising from the balance of angular momentum, Eq. 6.7,
with the magnetic torque on the right hand side of the last relation.
Eq. 6.39 is reformulated as

skew Ok
/ <_€ijkyj0kl 1 — €zjk0'kl;m + ok skew) =0 (640)
Y 8EM

The integration by parts of Eq. 6.40 leads to:

ou ou
/Y <Eijkyj0kl,l + Okl IW + QJkCTZ’;ew) dv, — /SY nlUklmdSy =0 (6.41)
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The volume integral in the boundary value problem of Eq. 6.41 is isolated, which results in the condition

(up to boundary terms denoted ‘B.T. that do however not interfere with the derivations therein):

0 ou 0 ou
/ (ij(sj‘ldkl Okl = <k> +6”k0'12§9w>dvy +BT. =0= 26,08 — Okim— (k> =0, Vo
Y

Oyt \OEyFev oyr \OEFev
0 8’&1 > 0 < 8U2 )
=205k _glo— [ ——— | —091=— [ ——— ) =0, o3k = 7
3 12 8y2 <8EA{Skew 21 a aEMskew 3 3
Taking the skew part of previous relation delivers:
Uflgew _ _nglcew7 53210'12 w 85120_1912cew — O_gkew QUskew _ agkew =73
0 ou 0 ou
:>_< slkew>+( s2kew):2
0ya OE o 0F
au 8“ Skew S E’LU om SkRew
m = Y2, 0 sZkew =y =>u(y) = EMgk y1, uz (y) = —En; kewy ) = uh (y) = —e: Eskev y
(6.42)

We have used in Eq. 6.42 the fact that the skew-symmetrical stress field in 2D only has one independent
component. Using the definition of the internal bending moment and applying the same steps as described

earlier, the third contribution of the displacement field is computed:

Oekt Ocp
Mij = <€inmyn0mj>y = <0kl 8KM7’j> — / Okl (8KM7] eznmyn mjkl dV = 0 Vakl (643)

this results in a relationship between the microscopic deformation and the micropolar gradient as:

Ok
OK i

- 6in?nynjrnjkl =0— Ekl = 61'nmynLnjkl-I:(Mij — €kl = 6inkyn-KvMil (644)

The definition of Cauchy strain is substituted in Eq. 6.44, which results in:

hom
Ouy,

oy

= €inkYnK i (6.45)

Summing up the three previous contributions Eq. 6.38, Eq. 6.42, and Eq. 6.45, one can conclude that
the homogeneous part of the displacement can be expressed as a quadratic function of the microscopic

position as follows:
ul" (y,x) =U° (&) + B3y" (2) -y — e E3i* (@) -y + ¢ Kn : (y®y) (6.46)

wherein U° (z) is a rigid body motion. If non-homogencous body forces are present in the (RVE), the
microscopic displacement will exhibit further associations with both the skew-symmetrical macroscopic

strain components and the body force components.

6.4.2 Variational based homogenization and evaluation of the Cosserat

magnetic moduli

The determination of the effective moduli of the micropolar magnetoelastic continuum is based on the
quadratic displacement and the homogeneous part of the magnetic h-field described in Eq. 6.46 and

Eq. 6.12, respectively. By applying the Hill extended macrohomogeneity condition and the principle of
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6.4. Determination of the homogenized micropolar magnetoelastic properties

minimum potential energy in the absence of body forces, one can express the generalized minimization

principle applied to all periodic fluctuations of the displacement and magnetic h-field:

Qu (B B3 Ky, Hy) =

1 ~ om 11
/ 5 @V, +iay) ©V,) Cly): (W eV, +ay) ©V,) + (6.47)
Min v

(o (H™"(@) =3 @)V,) + B") . (™" (@) - () V) dV,

where C (y) is the microscopic rigidity matrix.

The stationarity condition of the functional on the right-hand side of Eq. 6.47 provides as a necessary
condition, a BVP to be satisfied by the optimal fluctuation associated to the real displacement field (in

the absence of body forces) and magnetic field:

—{Cy): (BY" (x)—e By (v) +ey Ky (x)+d(y)®V,)}.V, =0

(o (Har () — 2 (y) Vy) + B (y)] .Vy =0 (6.48)

@(y),» (y) Y-periodic
The linearity of the solution of BVP of Eq.(48) versus the prescribed kinematic macroscopic
loading, tensors EYY" (z), Esk<* (), Ky (z), and H s (z), guarantees the existence of localizators

for the strain, rotation, curvature and magnetic h-field loadings, successively the tensors

sym u u wH skew M
LF (y),L (y),L K(y)7L H (y),L* (y),L“’E (y)7L‘pK(y),L“’H (y), so that the

Eskew Esym

displacement and magnetic potential fluctuations are written as:

Eskew

a(y) = """ (y) - B (@) + L7 (y) - B3P (@) + L (y) - Kar (@) + L7 (y) - Ho ()

6.49
) =L @) By @)+ L () B (@) + LK) K (@) + L (y) - Has(a) o
The order of the localization operators (tensors) is indicated in Table 6.1.
The expression of the fluctuation, Eq. 6.49, results in the full microscopic displacement and scalar
magnetic h-field given by

sym

u(y, ) = ((14 y) + L (y)) BN (2) + (—e-y+L“E“““’ (y)) -E3i (z)

(3 on) + L) ) Kanla) + L7 )Hos ),

0 (y) =L (y) By (@) + LY (y) - B () + L9 (y) : K () — y-Har() + L7 (y).H ()
(6.50)

We further conveniently define the microstrain and micro h-field, as the symmetrical part of the micro

displacement gradient and magnetic potential gradient respectively, resulting in the localization relations

ue V, = A" (y) B (@) + AT () B () + AN () Ko (@) + AT () Hou ()

H(y) = —p @) oV, =477 (y) : B (@) + 477" (y). B3y () + 47K (y) : Koi(2) + A7 (). H ()
(6.51)

(), A"K (y), A" (), AP (), AP (y), A5 (y), A?T () representing

Eskew

with A" (y), A"

the localization tensors relating the microstrain tensor and microscopic magnetic h-field vector to their
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Table 6.1 Order of the localization operators (tensors) for the displacement (a 1-tensor) and scalar magnetic

potential (a zero-tensor)

Localization operators | Order of the tensor
L= () 3
L () 2
L""(y) 3
L ) 2
Lo ) 2
L ) 1
L% (y) 2
L) 1

macroscopic kinematic variables, with their expression given by

sym wESy™m u skew u skew u u
AT ) =L+ L (e v, AT (y) = —ey+ LY () eV, ANy =cyeL+L""(y) oV,
Ay = L () @ v,

sym sym skew skew
AP () = LT (y) @V, AT () =L T (y) e v, AN (y) =L @y eV,

AP (y) = —I, - LM (y) @ V,
(6.52)

The tensor order of the localization operators is indicated in the following Table 6.2.

Table 6.2 Order of the localization operators (tensors) for the displacement gradient and magnetic h-field.

Localization operators | Order of the tensor
A (y) 4
AT () 3
A" (y) 4
AT (y) 3
A7 (y) 3
A7 ) 2
A7 (y) 3
471 (y) 2

Eq. 6.52 is then inserted into the BVP of Eq. 6.48 which leads to a new BVP for the localization operator
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tensors, which will be solved in a sequential manner:

—{cw: [a"" W) By @+ A @) B @) + A 4) K (@) + A () Hus (@)] .9, = 0

(1o (477" () : B (@) + APP () Bile (@) + AP (9) : Koy (2) + A7 (y) Hoy (@) + BT ()] .V, = 0
(6.53)

6.4.3 General form of the homogenized constitutive properties

Anticipating the evaluation of the homogenized tensors, the macroscopic homogenized constitutive law
writes formally as follows:

zﬁgm — <o,sym>Y _ Chom . Ei\gm +Bh0m.Eﬁew +Dhom ‘K _’_dhom..HM

zﬁew — <o,skew>y _ Bhom,T'Eigm +Rh0m :E}q\?ew +Fhom . KM +ghom'HM

— (6.54)
M := (n)y, =" : By + F*™ T B + G™™ : Ky + N™" H ),

—hom

s om skew |, pphom om
By :=(B)y =d EY"+g¢™™TEY" +N Ky +a™™Hy

wherein C"™ is the first gradient modulus (rigidity matrix), G"*™ is Cosserat modulus and D™ is the
coupling tensor between first and gradient terms. B"™, and F"™ are coupling tensors and d™™ is the
coupling magneto-elastic tensor. "™ represents the magnetic permittivity tensor, gho™ | N"™ and N
represent coupling tensors with the magnetic field.

The set of constitutive relations Eq. 6.54 entail that the elastic and magnetic contributions of the

macroscopic stress, moment and magnetic field formally express as
sym,ela ,__ o~hom , pasym hom prskew hom |, sym,mag ,__ ghom.
E]W —C EM +B E]\/[ +D KM, 2]% —d HM

2;561[176[& _ Bhom,T . E}S\Z/;m +Rhom.E?\§ew _|_Fhom :KMa E}s\;ew,mag :ghom.H]M (6 55)

ela —m

J— ag .
M .= ehom E?\'/y[m +Fhom,T.E}g\/];ew +Gh0m ZK]\/[7 M — Nhom -H]VI

h , —h
B3t =d"" EY" + gt T B + N Ky, By =a™ Hy
An extended minimization principle of the macroscopic magnetoelastic energy over all periodic
fluctuations holds, so that inserting relations Eq. 6.51 into the functional in Eq. 6.47 delivers:

Qm (E}g\gmaEi];ew7KMaHM) =

3 (A ) B @)+ AT () B @) + A () K ui(z) + AU ) () C )

—

AP () B @) + A () B3 (@) + A () K@) + A () Hu(2) +

o (495" () B @) + 475 () B @) + A7) Koy () + A7 () Hog (@) + B 1),

Eskcw

~—~ — — <

AP ) B @) + AP () B () + A7 (y) K (@) + AP (). oy () ) aV,

(6.56)
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Since Qs (Eﬂm,E“}”\’}E“’,K am,H M) defines a macroscopic potential, the homogenized constitutive law
follows considering Eq. 6.35 and the fact that partial derivative with respect to the macro parameters

(E?\Zm,Ef\f}ew,K v, H M) and integration over the unit cell can be switched:

sym

sym o0 uEsY™ sym uE*FeY mskew u wH g u
23] aE?é{n/(AE LB AT B £ A K+ AT H ) O AT
Y

(MO (AQOES‘W" E“;\Zm +A¢E5kew .Eskew +ALPK 5KM +A<pHM -H]M) +Br (y)> .AQOESHmd‘/y _

sym\ T sym s Ew sym
/ (A“E ) LC A qv, } E;}m+{ A“E T oL AP dVy} Eskewy
Y

{ / (A"K)T:C:A“E“’"’dvy} Ky + { / (A“HM) .C: A“E'”“"dvy} Hy+
Y

sym T sym s SLU sym
/ o (425 ) AP v, b B / o (427" L e gy gsgen
Y Y

T sym T sym sym
{ / o (47%) 42" dVy} K+ { / o (45714) A" dVy} Hy + { / B" (y) .A®" dVy}
Y Y

Y
o (6.57)
}e\iclew _ aES}i\Zw _ / (AuESym :ER?”"—FA“ESMU).E;]ZCIU +AuK Ky —‘y—AuHMHM) C: AuE“k“"
M
(MO ASquym qunL A¢E3kew.E}g\§ew +A¢K ZK]M —|—A<pHM.HM> +Br (y)) .ASOESkedey:

AuEsum C AuEskedey} Ei\gm+{ AuE‘““’“’ ok AuEgk"dey} Eskew

No A“"E”’") A‘PESkdey} LB+ { / ;m AS"E“““ A“’ESkedey} Eghevt
Y

{/ AuK AuEskede ZK]\/[ + /(AuHM) AuE kede HM—|-
Y

skew T skew skew
/ 80 A‘PK T AE gy y} K+ { / o (A“’HM) APE dVy} Hy + { / B (y) A" dVy}
Y Y

Y
(6.58)
— sym\ L' skew\ T
o= B _ /(A"E ) Cl): A, b BT /(A"Ek ) C):Aav, ¢ B3y
0K 11
Y Y
T T
/(A“K) :C(y) :AuKdVy} K+ {/ (A“HM) :C(y) :A“Kdvy} Hy+
Y Y
sym\ T’ ) skew\ T
/ Mo{(A‘/’E ) .A“’KdVy} 3 oA / MO(A*PE'“ ) APKqY, s Eskev
Y Y
T K
/ o (47%).A#5av, b Ko + / o (A7) AP AV, & Hos + / B" (y) A%y,
Y Y Y
(6.59)
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[9) wm skew\ L'

By = B _ / A“E L) Ay, b B / (A“E ) :C(y): Aay, b B+

OHy
Y Y

<—

(A"K)T:C(y):A“HMdVy Ko+ / (A“HM)T:C’(y):A“HMdVy Hy+
Y

sym\ L' skew\ L'
MO(A“"E ) AT gy L B / NO(AS"E'“ ) AT gy 4 gskew
Y

<

T
,LLO A@K LPHMdV K+ /NO<AWHA1> .ASDHMdvy Hy + /Br (y) 'AAPHMdvy
Y

<—

(6.60)
Previous expressions lead by comparison with the general form of the macroscopic constitutive law in
Eq. 6.54 to the expression of the homogenized moduli, with the localization operators therein defined in

Eqgs. 6.52:
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chom = { / (A“E”’")T LC A v, + / o (A“’Esy"L)T.A“"Esydey
Y Y

B = { [@a= ) e v [ () A
Y Y

DPom — {/ (A“K)T :C: A”Esydey + /,uo <A*”K>T,A¢E8y”‘dvy
Y Y

dhom: — { / (A“HM>T L C AT gy, 4 / o <A“’HM>T.AS"Esydey
Y Y

R™™ = { / (A“E‘“““’)T :C ATy, ¢ / o (A“"EWW)T.A“"Emdey
Y Y

phom — { / (A"K)T LC AV Y, + / o (AW)T.A*’ES’““’dVy
Y Y

g = { / (A“HM)T L AME gy, ¢ / o (A‘pHM)T.A“”ESkdey (6.61)
Y Y

Ghom — {/ (A“K)T .C(y): A av, +/M0 (AsoK) AKqv,
Y Y

NPom = { / (A“HM>T L C(y): A av, + / o (A“PHM)T.AWKdVy
Y Y

hom

(A“HM)T L C(y) : AV ay, + / o (A“"HM)T.A“"HM dv,
Y

/ (A”E””‘)T L C(y) : AT gy, + / o (A“’E”'")T.A“"HM dv,
Y

Y

—hom
d

~)
Il
Sy

N / (4 e @) A av, + / no(4°F) " a#ay,

Y Y

ghom _ / (AuEsym)T .C(y): AEqV, + /#O{(Angsym)T.AlPKdVy}
¥ ¥

Yy
In the next section, the homogenized magnetoelastic micropolar moduli will be computed for composites

in a planar situation and coupling effects between the elastic and magnetic fields will be investigated.

6.5 Algorithm for the evaluation of the homogenized
magnetoelastic medium and numerical results

Based on the theoretical framework discussed earlier, we suggest a computational method for calculating

the effective tensors of the homogenized constitutive law for the magneto-elastic effective medium. It is
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based on solving the weak formulation of the BVP for the total displacement and magnetic potential.

Starting from the constitutive equations at the microscopic level for the stress and magnetic induction:

o(y)=C(y):ey) +dy) (- (y) Vy)

B (y) = po. (—¢ (y) Vy) + B" (y)

(6.62)

wherein d(y) is the microscopic coupling matrix between the elastic and magnetic fields, and e(y) is the

microscopic deformation, the variational formulation to be solved is expressed as :

Yo e Hy (Y),
/ (CW) e +d@) (—p@)Ty)) : a ) dV - / o (—0 @) V) + BT (3)] BT () dV,, = 0
Y Y

(6.63)
This problem is solved using FreeFem++ open source finite element software as well as for the subsequent
determination of the first gradient, Cosserat, and the magnetic moduli in Eq. 6.54. An example of the

procedure followed for the determination of the homogenized moduli is condensed in algorithmic format

in Fig. 6.2.
- Defining the BVP of Eq.5.63 N
| in FreeFem |
\ v
Solve the BVP for E,;}" =1 and set Solve the BVP for K,,;; =1 and set
all other kinematic values to zero all other kinematic values to zero
' '
Calculate LI, 25 M,and B, Calculate L3, 5™ M, and B,
corresponding to the first column of corresponding to the first column of
—5 om om om m ]
Chom BhenT ghom and @ DE= GRS and N
_ i
v v
Repeat previous steps for £, 7" =1 Repeat previous steps for K., =1
to calculate the other columns of to calculate the other columns of
— hom om om m Shem
c™ BT ™=, mdd" D™ F*= G™ and N

Figure 6.2 Schematic algorithm for the computation of some effective moduli.

The next subsection deals with a numerical example for the determination of the effective moduli of a

magneto elastic structure.

6.5.1 Couplings between magnetic effects and mechanics at the macrolevel

The methodology mentioned in section 6.5 is applied for the unit cell geometry pictured in Fig. 6.3.

Different colors are used to identify regions sharing the same mechanical properties (all regions have
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the same E and mu in Table 6.3) but endowed with different magnetic properties. The blue regions
correspond to the non-magnetic material, and black and red regions correspond to magnetic materials of
opposite directions of the residual magnetization (M"* = poB") vector direction. Table 6.3 includes the

mechanical and magnetic properties used in this example.

Table 6.3 Mechanical and magnetic properties.

E (kPa) v po(NA™2) M’ (kA/m)

500 04 4w 1077 500

Figure 6.3 Unit cell with regions having different magnetic properties.

The effective macroscopic tensors are computed (with their physical units indicated under brackets) from

the previous homogenization method over the unit cell of Fig. 6.3 with periodic boundary conditions:

16963.8  —16229.6 330.348 330.348

. —16406.9 16752 124.324 124.324
C om __ [Pa]

19411.2 19411.2 376554 19411.2

19686.8 19686.8  19686.8 376830

260.037 216.472

b 312.66  —87.3952
Do = [Pa.m)

—-1614.5 —1519.81

—1338.88 —1244.19

320.705  320.705
401.249 401.24

dhom .

—1567.3 —1567.34
—1291.69 —1291.69
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—67.899 —-371.47 125.318 125.318
eom = Pa.m]
945.664 —453.649 243.569 243.569

. 170001 3863.86 ,
G om — P }

6532.02 180030

. 170564 170.56 B
Nhom _ [NA™Y]
—365.729 —365.73

—hom —0.0257 —0.0257 —0.025 —0.0257
0.0266  0.0266  0.0265  0.0266

hom | —0.0257  —0.0257 )
N = [INA™Y
0.02661  0.0266

. 0.02571 0 .
ahom = [NA~2]
0 0.0266

From the values of the effective properties within these matrices, one can underline the following main

results:

1.

The microstructure has an auxetic and chiral behavior, especially a high coupling effect between
the shear stress and the normal deformation (evidenced by the mechanical effective properties in

Chom ) and further evidenced in the plot of Fig. 6.4(b).

. A non-centrosymmetric behavior emerges for the magneto-mechanical coupling, due to the lack

of coupling between the magnetic field and the micro-deformation at microscopic level, thus the
absence of reciprocity at the microlevel is transferred to the macrolevel. This effect appears from

—h
the comparison of the coefficients within the submatrices d™™ and d o

. There is a lower coupling effect of couple stress with deformation compared to the Cauchy first

gradient response, as one can see from the comparison between D™ and ehom,

. The resulting homogenized medium is a shear-stiff material, since the ratio between the normal to

shear coefficient is lower than 1, and since within matrix CP°™, the homogenized shear modulus is

higher than the homogenized Young’s modulus.

. The bending effect induced by the application of a magnetic field is important, accounted for by

the corresponding coupling tensor Nhom in Eq. 6.54.

. The magnetic field induced by an applied shear stress is higher in d**™ than the one induced from

a normal stress (-1291,69 T compared to 320,705 T).

. As mentioned in the theory above, the imposed static boundary condition induces high magnetic

field within the structure, while the magnetic field leads to a very low strain at the macro level
because no such coupling exists at the micro level. This lack of reciprocity appears in the computed

. . —=hom —hom
macroscopic submatrices aP™, N and d .
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Figures (Fig. 6.4(a)-(e)) show the deformed modes of the unit cell caused by the application over its
boundary of the independent components of strain, the gradient of rotation, and magnetic field. The
visually apparent small interpenetration between different parts of the domain is an artefact due to the

magnification of the deformed shape.

(a) (b)

(©) (d)

(e)

Figure 6.4 Deformation modes of the unit cell induced by (a) Eari1,(b) Ennz, (¢) Kmsi, (d) Kase, (€) Han
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6.6. Conclusion

The unit cell structure undergoes the deformation modes shown in Fig. 6.4(a) and Fig. 6.4(b) due to
application of the mechanical strains and respectively. The deformed modes in Fig. 6.4(c) and Fig. 6.4(d)
are due to the gradients of rotation and respectively. Fig. 6.4(e) shows the deformation of the unit cell
under a magnetic field applied as a boundary condition; the structure undergoes bending due to the
applied magnetic field, revealing the coupling between the mechanical and magnetic fields. This coupling
can also be seen from the distribution of the magnetic potential when the mechanical strain component

is applied over the unit cell boundary Fig. 6.5.

2.0859e+006

1.6375e+006
1.18910+008
7.40746+005
2.92340+005
- 1.66060+005
-6.04460+005
- 1.0529e+006

-1.50130+006

[T

-1.94970+006

-2.3981e+006

-2.84650+006

-3.294%90+006
-3.7433e+006

-4.1917e+006
-4.6401e+006
-5.08850+008
-6.53690+006

[ LTI

AT

-5.98530+006
-6.4337e+006
-6.8821e+006

Figure 6.5 Distribution of the magnetic potential ¢ resulting from the application of the strain component Enrqq

6.6 Conclusion

In this chapter we established a variational-based homogenization method for magnetoelastic composite
materials in a small strains framework. The existence of a non-symmetrical stress tensor prompts the
development of a homogenized magnetoelastic Cosserat effective medium at the macroscale. Generic
expressions of the effective magnetic and elastic properties are derived, showing the existence of couplings
between the elastic and magnetic behaviors at the macrolevel, despite that the behavior is non-reciprocal
at the microscale. The considered microstructure has an auxetic and chiral behavior, especially a high
coupling effect between the shear stress and the normal deformation. A non-centrosymmetric behavior
emerges for the magneto-mechanical coupling, due to the lack of coupling between the magnetic field and
the micro-deformation at microscopic level, thus the absence of reciprocity at the microlevel is transferred
to the macrolevel. It entails the existence of a coupling between tension and bending. Furthermore, the
application of a magnetic field also leads to bending. The imposed static boundary condition induces

high magnetic field within the structure, while the magnetic field leads to a very low strain at the macro
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level because no such coupling exists at the micro level. The bending effect induced by the application of
a magnetic field is important. In comparison to the classical Cauchy response, the importance of couple
stress effects are weaker.

The proposed magnetoelastic homogenization framework defines a base of simulation tools for the

computation of the effective magnetoelastic properties of a wide variety of architected materials.
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General conclusion and perspectives

Multiphysical couplings, such as piezoelectricity, flexoelectricity, and magnetoelasticity, are exhibited
by composites and architected materials in many engineering applications (such as sensors, actuators..)
because of their capability to offer high mechanical performance (such as strength, energy absorption
capacity, acoustic and thermal insulation properties) while maintaining a low weight.  While
piezoelectricity shows a coupling between the electric polarization and the mechanical strain,
flexoelectricity is a higher-order phenomenon that involves the coupling between electric polarization
and strain gradient. Furthermore, magnetoelasticity refers to the interaction between the magnetic and
elastic fields.

To fully realize the potential of these materials, it is crucial to understand and predict their mechanical
behavior at the unit cell level, incorporating the microstructural information available. In this context,
developing predictive micromechanical schemes that account for the impact of the existing microstructure
on the mechanical response at both mesoscopic and macroscopic levels is necessary for bridging the scales
and relating equivalent properties to the structural geometry and mechanical parameters.

To predict the overall mechanical response of microstructured materials such as architected and
composite materials, it is not feasible to conduct direct numerical simulations that fully resolve all
microstructural details using a fine mesh resolution. Such simulations are usually computationally
expensive, making them impractical for typical engineering problems. Additionally, determining the
mechanical properties of these structures experimentally is challenging since the overall anisotropy needs
to be considered. Furthermore, there may not be a clear scale separation, which may necessitate using
enriched continuum theories that involve more constitutive parameters than Cauchy elasticity theory.
Therefore, it is relevant to perform homogenization to derive effective models, which can be used to

conduct macrostructural level computations conveniently in a subsequent step.

Outcome of the research

The thesis aims to bring some new developments in the field of homogenization of heterogeneous materials
prone to multiphysical phenomena, focusing on piezoelectricity and magnetoelasticity in the context
of generalized continua. All developments are limited to linearized elasticity. As well, this thesis

revisits higher gradient homogenization schemes towards higher-gradient continuum of periodic and quasi-

131



periodic microstructures. Besides the continuous homogenization schemes for periodic media, a discrete
homogenization method is proposed in this thesis, which can be adopted for architected materials that
are made up of slender structural elements such as beam elements. Part I exposes the homogenization
of periodic and quasi-periodic media towards a strain gradient effective continuum, whereas Part II
accounts for multiphysical aspects in the homogenization approaches towards generalized continua.

In the spirit of micromechanics, we construct a strain gradient model of periodic architected media
employing a discrete homogenization method towards a strain gradient effective substitution medium
and using Hill extended macrohomogeneity condition. This approach involves using a reduced number
of degrees of freedom at the level of the unit cell, combined with a continuous set of kinematic variables
representative of a strain gradient continuum at the macro level. The resulting classical and strain
gradient moduli can be expressed as closed-form analytical expressions of the microstructural parameters
of the square and hexagonal lattices. Although Cauchy moduli cannot describe surface properties, the
theoretical and numerical analysis demonstrate that the strain gradient moduli scale with the edge
contribution of the surface material, indicating a quadratic relationship with the absolute edge length.
A similar scaling law is derived through a shape sensitivity analysis of the internal macroscopic energy
where kinematic strain gradient tensors are employed as kinematic edge conditions on self-similar unit cells
with varying edge lengths, while Cauchy moduli remain constant. Moreover, the energetic formulation
of a second strain gradient continuum allows to revisit the notion of anisotropic surface energy, thereby
providing a generalization of Mindlin’s model of surface energy.

Secondly, the theoretical background beyond quasi-periodic homogenization for quasi-periodic media is
presented in chapter 3. The main idea behind this homogenization is to map any unit cell of the quasi-
periodic domain to the parent periodic (fixed) unit cell. In this context, the first scheme developed relies
on the average of the microscopic energy and obeys the established smoothness conditions of the mapping.
This allows determining the effective quasi-periodic moduli tensors versus those of the periodic domain
and the associated perturbation terms which are expressed in a volumetric format over the reference unit
cell domain in a 2D context. Following this approach, a surface formulation of the quasi-periodic moduli
is then derived, based on the notion of shape derivative of the total potential energy stored within the unit
cell, and via Clapeyron’s theorem which allows to link the potential energy to the internal strain energy.
This scheme offers comparative to the first one a simpler way to compute the quasi-periodic moduli as
it only requires the evaluation of the mechanical fields on the unit cell boundaries. The strain gradient
theory is then considered to account for the design grading at the microscopic level. From the considered
numerical application of inclusion-based composites, the importance of the strain gradient model arises
where the contribution of strain gradient energy dominates and Cauchy energy becomes insufficient to
describe the effect of the design variation of the unit cell.

In Part IT of the thesis, some multiphysical aspects are incorporated in the periodic homogenization
methods adopted. The basic concept behind these suggested homogenization approaches involves dividing

the microscopic displacement and the electric (magnetic) potential into two parts: a homogeneous
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part that reflects the kinematics of the effective continuum, and a fluctuating part that is determined
through a variational principle and is defined by the unit cell boundary value problem. Within this
framework, and using Hill macro-homogeneity condition, the evaluation of effective linear piezoelectric
properties of heterogeneous materials is addressed in chapter 4. The entire set of homogenized moduli
has been obtained, expressing as volumetric averages of the microscopic properties of the individual
constituents weighted by the displacement and electric potential localization operators. This framework
is then extended to the computation of the effective flexoelectric properties, thereby accounting for
higher gradient effects. To exemplify these theories, numerical applications are done for composites and
architected materials. The computational scheme involves solving the boundary value problem expressed
in its weak formulation when applying different macroscopic kinematic boundary conditions to determine
the effective piezoelectric and flexoelectric properties (chapter 5). Energy computations show that
the effective flexoelectric medium represents a quite good approximation of the initially heterogeneous
piezoelectric composite.

Based on the effective flexoelectric properties, a wave propagation analysis has been addressed
successively in the frameworks of Classical Flexoelectric Theory (CFE) and Non-Local Flexoelectric
Theory (NLFE) (chapter 5). The results show that flexoelectric medium is a dispersive medium and of
higher anisotropic behaviour when increasing the wavenumber, compared to the piezoelectric medium.

Numerical application are subsequently done to architected materials, selecting the following three
different unit cells;the regular hexagonal UC, the rectangular UC, and the re-entrant hexagonal UC. The
non-uniform distribution of the electric potential resulting from the application of mechanical strain over
the three architected materials serves as an evidence of the coupling between the mechanical and the
electric fields. The sensitivity analysis to geometrical parameters of these architected materials shows
that the regular hexagonal UC yields the highest piezoelectric modulus, while the re-entrant UC exhibits
the highest flexoelectric modulus.

In chapter 6, a homogenization towards Cosserat (micropolar) effective continuum is addressed for
magnetoelastic heterogeneous solids, in a small strains framework. The existence of a non-symmetrical
stress tensor prompts the development of a homogenized magnetoelastic Cosserat effective medium at the
macroscale. A numerical application made for a unit cell microstructure with magnetoelastic properties

shows a coupling between the elastic and magnetic behaviors at the macrolevel.

Perspectives

Based on the developed theoretical and numerical contributions we are entitled to propose some
perspectives regarding different aspects as exposed in the sequel.
e The choice of the most appropriate generalized continuum for a given class of architected materials
remains a significant matter that requires attention in future advancements.

e Although the concept of modifying the topology of architected materials to improve their
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electromechanical properties is important, it is relevant to develop a systematic approach for
identifying architectures that result in the emergence of enhanced behaviors; topology optimization
methods regarding piezoelectricity and flexoelectricity can offer such a strategy.

In the generalization of Mindlin’s model of surface energy, there are more terms representative
of surface energies that have not been investigated; yet these terms can be analyzed in future
contributions.

In order to validate the homogenization schemes and constitutive models formulated for periodic
magnetoelastic media and quasi-periodic media, numerical simulations have be to incorporated
with experimental investigations. It would be interesting to link these homogenization schemes
with atomistic simulations.

Since the developed finite element models are limited to 2D, an extension of these models into
3D is planned to determine the homogenized mechanical, piezoelectric, flexoelectric, and magnetic
properties of architected materials.

It would be interesting to incorporate multiphysics with dynamics by developing dynamic
homogenization schemes for high frequencies.

Amongst the perspectives of this thesis, investigating the response of lattice materials to large
strains within the framework of generalized continua is of high interest (architected materials are
made of slender elements and they are porous materials that can develop large strains for soft base
materials. One example of applications can be artificial skin).

Finally, it’s worth mentioning interesting scientific prospects and applications of the proposed
flexoelectric homogenization method in the field of bone bio-mechanics, specifically in bone
remodeling despite the added complexity of incorporating microstructure changes during
remodeling. Furthermore, the quasi-periodic homogenization scheme can be further applied to

conformal architected materials undergoing a conformal transformation of their design.
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Résumé de la these en francais

Introduction

Les aspects multiphysiques font référence a linteraction de plusieurs phénomenes physiques qui se
produisent simultanément dans un systéme ou un matériau. Ces phénomenes peuvent inclure des
processus mécaniques, thermiques, électriques, magnétiques, chimiques et biologiques. Parmi les
différents phénomenes multiphysiques, les couplages électromécaniques et magnéto-mécaniques, qui
relient respectivement les champs électriques et magnétiques aux champs mécaniques, ont attiré beaucoup
d’attention. La piézoélectricité est une forme de couplage électromécanique largement reconnue et
fréquemment utilisée, ou la polarisation électrique et les contraintes mécaniques sont linéairement
couplées(Fig. R.1 [2]). L’un de ces couplages électromécaniques qui a requ moins d’attention et qui
est le sujet principal de cette thése est la flexoélectricité [3]. La flexoélectricité implique le couplage
entre les gradients de déformation et la polarisation électrique (ou entre un gradient de polarisation et la
déformation) [4,5]. L’effet flexoélectrique directe se réfere & la polarisation d’un matériau résultant d’une

déformation non uniforme telle que la flexion ou la torsion [6]. Outre les études réalisées sur les différents
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Figure R.1 Présentation schématique de la piézoélectricité (a) et de la flexoélectricité (b) dans les cristaux

diélectriques.

effets de couplage électromécanique, beaucoup se sont concentrées sur le couplage magnéto-élastique qui

fait référence a I'interconnexion entre les champs magnétiques et élastiques.
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Les couplages multiphysiques, tels que la piézoélectricité, la flexoélectricité, et la magnétoélasticité,
sont présentés par composites et matériaux architecturés (Fig. R.2 [43]) dans de nombreuses applications
d’ingénierie (telles que les capteurs, les actionneurs...) en raison de leur capacité a offrir des performances
mécaniques élevées (telles que la résistance, la capacité d’absorption d’énergie, les propriétés d’isolation

acoustique et thermique) tout en conservant un faible poids.

Figure R.2 Matériaux architecturés en 2D : (a)Hexagone, (b) étoile rentrante, (¢) rectangulaire,(d) semi-entrant,

(e, f, g) diamant, kagome, forme triangulaire, réseaux chiraux : (h) diamant chiral, (i) tétrachiral, (j)hexachiral.

Pour exploiter pleinement le potentiel de ces matériaux, il est essentiel de comprendre et de
prédire leur comportement mécanique au niveau de la cellule unitaire, en incorporant les informations
microstructurelles disponibles. Dans ce contexte, le développement de schémas micromécaniques
prédictifs qui tiennent compte de I'impact de la microstructure existante sur la réponse mécanique aux
niveaux mésoscopique et macroscopique est nécessaire pour faire le lien entre les échelles et relier les
propriétés équivalentes a la géométrie structurelle et aux parametres mécaniques.

Pour prédire la réponse mécanique globale des matériaux microstructurés tels que les matériaux
architecturés et composites, il n’est pas possible d’effectuer des simulations numériques directes qui
résolvent entierement tous les détails microstructuraux a l'aide d’une résolution de maillage fine. Ces
simulations sont généralement cotiteuses en termes de calcul, ce qui les rend peu pratiques pour les
problémes d’ingénierie typiques. En outre, la détermination expérimentale des propriétés mécaniques de
ces structures est un défi car I’anisotropie globale doit étre prise en compte. En outre, il se peut qu’il
n’y ait pas de séparation d’échelle claire, ce qui peut nécessiter 'utilisation de théories du continuum
enrichies qui impliquent plus de parametres constitutifs que la théorie de 1’élasticité de Cauchy. Il est
donc utile de procéder a une homogénéisation pour dériver des modeles efficaces, qui peuvent étre utilisés

pour effectuer des calculs au niveau macrostructurel de maniére pratique dans une étape ultérieure.
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L’homogénéisation vers des continuums généralisés (au-dela de Cauchy) vise & répondre aux limites
d’une séparation d’échelle stricte et a élargir le domaine de validité de I’approche du continuum au-dela
de T’hypothése restreinte de la séparation d’échelle [53,54]. La définition d’un continuum généralisé
peut étre étendue grace a deux approches principales, basées sur la classification en deux catégories
principales, & savoir les continuums d’ordre supérieur et les continuums a gradient supérieur, comme le
montre 'illustration de la Fig. R.3 [55].

L’existence d’un couple par unité de volume dans les matériaux électromagnétiques a souvent été
suggérée comme une raison de prendre en compte des tenseurs de contrainte non symétriques [46]; cette
idée a été la motivation premiere pour I'introduction de la généralisation de la mécanique du continuum
et de la nécessité de théories du continuum enrichies [77,78].

Outre le besoin de théories du continuum enrichies lorsqu’il s’agit de multiphysique, ces milieux sont

nécessaires dans des situations pour capturer 'influence des fluctuations spatialement rapides aux niveaux
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Figure R.3 Illustration montrant la classification des continuums généralisés en milieux d’ordre supérieur et de

qualité supérieure.

Depuis le début des années soixante, la plupart des modeles de continuum généralisés étaient purement
formels et ne reposaient pas sur des microstructures réelles. Par conséquent, les lois constitutives ont
été développées de maniere phénoménologique, sans qu’il soit nécessaire de recourir a des méthodes
micromécaniques. Cependant, la situation a changé de maniere significative au début des années 90 avec le
développement de nouvelles classes de matériaux telles que les composites, les solides cellulaires (mousses)
et les matériaux architecturés, ainsi qu’avec les progres de la puissance de calcul et des techniques de
fabrication telles que la fabrication additive. Cela a suscité un intérét croissant dans les communautés
mécaniques et mathématiques pour comprendre la relation entre les comportements émergents enrichis

au niveau d’un continuum effectif et les modes de déformation microscopiques.
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Travail de thése

La these a pour objectif d’aborder de fagon théorique et numérique I’homogénéisation de milieux
architecturés et composites périodiques présentant un comportement multiphysique, dans le contexte des
milieux continus généralisés. Le manuscrit est donc décomposé en deux parties qui couvrent explicitement
ces questions.

La premiere partie du manuscrit traite ’homogénéisation des milieux périodiques et quasi-périodiques
vers un continuum effectif & gradient de déformation. Une méthode d’homogénéisation discrete est
appliquée pour les matériaux périodiques architecturés, conduisant a I’élaboration des propriétés effectives
d’ordre supérieur sous forme d’expressions analytiques dépendant de la longueur du bord de la cellule
unité. Dans un autre chapitre, une homogénéisation quasi-périodique est développée a partir d’une
expression volumétrique de I’énergie et en s’appuyant sur la notion de dérivée de forme pour déterminer
les propriétés effectives quasi-périodiques basées sur le domaine périodique transformé.

La deuxieme partie du manuscrit intégre des aspects multiphysiques dans les approches
d’homogénéisation vers les continuums généralisés. La théorie de I’homogénéisation piézoélectrique et
flexoélectrique est élaborée et suivie d’applications numériques pour ’homogénéisation des composites
piézoélectriques et des matériaux architecturés ainsi que pour I’analyse de la propagation des ondes. En
outre, 'homogénéisation vers le continuum effectif de Cosserat (micropolaire) est abordée pour les solides
hétérogenes magnétoélastiques.

L’objectif général de la these est de développer de nouvelles méthodes d’homogénéisation pour les
milieux hétérogenes vers des milieux continus a gradient d’ordre supérieur, en prenant en compte différents
aspects multiphysiques tels que la piézoélectricité, la flexoélectricité et la magnétoélasticité.

Dans cette theése, nous exposons une méthode d’homogénéisation discrete pour les matériaux
architecturés périodiques vers une formulation de milieux continus a gradient de déformation, fournissant
le module classique effectif et le module de gradient de déformation selon des expressions analytiques
des parameétres microstructuraux du réseau. Le recours a une formulation & gradient de déformation
permet de quantifier les effets de surface (les effets de bord en 2D) de matériaux architecturés. Alors que
les modules de Cauchy ne capturent pas les propriétés de surface, un examen théorique et numérique a
donné la loi d’échelle des modules de gradient de déformation avec la contribution du bord du matériau de
surface, montrant une variation quadratique avec la longueur absolue du bord (Fig. R.4). Pour atteindre
cet objectif, la condition de macrohomogénéité de Hill étendue pour les milieux a gradient de déformation
a été formulée a partir de champs mécaniques purement surfaciques, ayant pour support le bord (interne

ou externe) de la cellule unitaire.
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Figure R.4 Modules de Cauchy (a) et de gradient de déformation (b) en fonction de la longueur du bord de la

cellule unitaire pour la cellule unitaire hexagonale réguliere.

La méme loi d’échelle a été obtenue a partir d’'une analyse de sensibilité a la forme de 1’énergie
macroscopique interne, dans laquelle des tenseurs cinématiques de gradient de déformation ont été
appliqués comme conditions de bord cinématiques sur des cellules unitaires autosimilaires avec des
longueurs de bord variables (les modules de Cauchy sont inchangés). En outre, sur la base d’un modele
de continuum effectif a gradient de déformation, nous formulons la notion d’énergie de surface de maniere
anisotrope, en nous appuyant sur 'identification de deux contributions intégrales de surface impliquant
des invariants cinématiques des tenseurs macroscopiques des premier et second gradients de déformation

(Eq. 6.64, Eq. 6.65). Ceci fournit une généralisation du modele de Mindlin [129] de I’énergie de surface.
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En outre, nous présentons des schémas d’homogénéisation quasi-périodique pour les milieux quasi-
périodiques, qui ne présentent pas de périodicité mais qui peuvent étre transformés en un milieu périodique

parent (Fig. R.5).
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Figure R.5 Illustration de la transformation introduite qui est définie par une correspondance ¢ entre (a) le
domaine périodique Q et (b) le domaine quasi-périodique . La cellule unitaire périodique & droite montre les

vecteurs de position microscopiques g et macroscopiques Z.

Dans ce contexte, nous développons d’abord une approche théorique de ’homogénéisation quasi-
périodique, pour de petites perturbations de ’architecture de la cellule unitaire selon la macroéchelle,
en partant de la moyenne de l’énergie microscopique et en suivant les conditions de lissage établies
de la cartographie (ce qui signifie une petite variation de la conception de la CU). Cela permet de
relier les tenseurs de modules effectifs quasi-périodiques a ceux du domaine périodique et aux termes de
perturbation associés qui sont exprimés dans un format volumétrique sur le domaine de la cellule unitaire
de référence dans un contexte 2D.

Suivant cette approche, une formulation de surface des modules quasi-périodiques est ensuite dérivée,
basée sur la notion de dérivée de forme de I’énergie potentielle totale stockée dans la cellule unitaire,
via le théoreme de Clapeyron permettant de relier 'énergie potentielle a ’energie de déformation. Cette
approche repose sur l'introduction d’un champ de vitesse de forme & la frontiére de la cellule unitaire
périodique pour modéliser le changement de sa conception. Ce schéma offre, par rapport au premier,
un moyen plus simple de calculer les modules quasi-périodiques, car il ne nécessite que 1’évaluation des
champs mécaniques aux frontiéres de la cellule unitaire.

La théorie du gradient de déformation est ensuite envisagée pour rendre compte de la gradation de
topologie au niveau microscopique. les milieux a gradient de propriétés sont tres utilisés dans diverses
applications en ingénierie ainsi que pour la réalisation de biosubstituts en biomécanique. L’importance du
modele a gradient de déformation apparalt dans ’application considérée des composites a base d’inclusion
car ’énergie de Cauchy devient insuffisante pour décrire 'impact de la variation de I’architecture interne
de la cellule unitaire. Cela se traduit par une augmentation de la contribution de 1’énergie du gradient de

déformation d’un facteur 5 a partir de la CU de référence, par rapport a ’énergie de Cauchy (Fig. R.6).
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Figure R.6 Contributions énergétiques en fonction de la position macroscopique.

D’autre part, nous abordons dans cette these le calcul des propriétés piézoélectriques linéaires effectives
de matériaux hétérogenes dans le contexte de I’homogénéisation périodique, en employant une formulation
variationnelle en combinaison avec la condition de macro-homogénéité de Hill étendue. Les variables
microscopiques - le vecteur de déplacement et le potentiel électrique - ont été exprimées comme la somme
d’une partie homogene et d’une fluctuation obéissant a un principe de minimum de la fonctionnelle
d’énergie. L’ensemble des modules homogénéisés a été obtenu, en exprimant les moyennes volumétriques
des propriétés microscopiques des constituants individuels pondérées par les opérateurs de localisation
du déplacement et du potentiel électrique.

Nous étendons ensuite ce cadre au calcul des propriétés flexoélectriques effectives, prenant ainsi en
compte les effets de gradient plus élevés qui peuvent étre induits par un fort contraste de propriétés
des constituants au sein du composite. Nous adoptons un algorithme numérique reposant sur la
résolution de la formulation faible du probléme aux limites lors de I'application de différentes conditions
limites cinématiques macroscopiques. Cette approche peut étre appliquée aux matériaux composites et
architecturés.

En application du cadre général d’homogénéisation proposé, nous évaluons numériquement les
propriétés piézoélectriques et flexoélectriques effectives de composites a base d’inclusions hétérogenes
et des matériaux architecturés. Sur la base de ces propriétés homogénéisées, nous évaluons l'effet de
la fraction volumique et du module de traction relatif de I'inclusion par rapport a celui de la phase de
la matrice. Les calculs énergétiques montrent que le milieu flexoélectrique effectif représente une assez
bonne approximation du composite piézoélectrique initialement hétérogene.

Sur la base des propriétés flexoélectriques effectives, la propagation des ondes a été étudiée
successivement dans le cadre de la théorie flexoélectrique classique (CFE) et de la théorie flexoélectrique

non locale (NLFE). Les résultats montrent que le milieu flexoélectrique est dispersif (Fig. R.7).
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Cependant, le milieu flexoélectrique présente un comportement anisotrope plus important lorsque le
nombre d’onde augmente, par rapport au milieu piézoélectrique. En outre, la fréquence de propagation
des ondes diminue avec le parametre non local. Les fréquences de propagation des ondes sont plus basses

dans un milieu piézoélectrique que dans un milieu élastique pur.
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Figure R.7 Fréquence d’onde en fonction du nombre d’ondes dans le milieu flexoélectrique effectif.

En outre, nous effectuons une analyse de sensibilité a la topologie du réseau, en nous concentrant
sur trois types de matériaux architecturés de cellules unitaires différentes : la CU hexagonale réguliere,
la CU rectangulaire et la CU ré-entrante. Cette analyse permet d’étudier la variation des modules
piézoélectriques et flexoélectriques effectifs induite par une modification de la topologie des CU
considérées. La comparaison des trois géométries montre que les modules piézoélectriques les plus élevés
sont obtenus pour la CU hexagonal régulier, tandis que le module flexoélectrique est maximal pour la CU
ré-entrante. Le couplage entre les champs mécaniques et électriques peut également étre observé a travers
la distribution non uniforme du potentiel électrique lors de 'application d’une contrainte mécanique sur
les trois matériaux architecturés.

Les tendances obtenues s’avéreront utiles pour concevoir des matériaux composites et des matériaux
architecturés présentant des propriétés piézoélectriques et flexoélectriques obéissant & un cahier des
charges donné par le concepteur.

Un autre aspect intéressant abordé dans la these est la magnétoélasticité qui relie le champ magnétique
et le champ élastique. Dans ce contexte, nous établissons une méthode d’homogénéisation variationnelle
pour les matériaux composites magnétoélastiques dans un cadre de petites déformations. L’existence d’un
tenseur de contrainte non symétrique incite a développer un milieu effectif de Cosserat magnétoélastique
homogénéisé a 1’échelle macroscopique. Nous dérivons des expressions génériques des propriétés
magnétiques et élastiques effectives, montrant I’existence de couplages entre les comportements élastiques
et magnétiques a 1’échelle macroscopique, bien que le comportement soit non réciproque a I’échelle

microscopique.
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La microstructure considérée a un comportement auxétique et chiral, en particulier un effet de
couplage élevé entre la contrainte de cisaillement et la déformation normale. Un comportement non
centrosymétrique émerge pour le couplage magnéto-mécanique, en raison de ’absence de couplage entre le
champ magnétique et la micro-déformation au niveau microscopique, de sorte que I’absence de réciprocité
au niveau micro est transférée au niveau macroscopique. Cela implique I'existence d’un couplage entre
la tension et la flexion.

En outre, 'application d’'un champ magnétique entraine également une flexion. La condition limite
statique imposée induit un champ magnétique élevé a l'intérieur de la structure, alors que le champ
magnétique entraine une tres faible déformation au niveau macroscopique car il n’y a pas de couplage de
ce type au niveau microscopique. L’effet de flexion induit par I'application d’'un champ magnétique est
important. Par rapport a la réponse classique de Cauchy, 'importance des effets de contrainte de couple
est plus faible.

Le cadre d’homogénéisation magnétoélastique proposé définit un socle d’outils de simulations pour la

calcul des propriétés magnétoélastiques effectives d’une grande variété de matériaux architecturés.

Perspectives de la these

Sur la base des contributions théoriques et numériques développées, nous sommes en droit de proposer
quelques perspectives concernant les différents aspects exposés dans la suite.

e Le choix du continuum généralisé le plus approprié pour une classe donnée de matériaux
architecturés reste une question importante qui nécessite une attention particuliere dans les progres
futurs.

e Bien que le concept de modification de la topologie des matériaux architecturés pour améliorer
leurs propriétés électromécaniques soit important, il est pertinent de développer une approche
systématique pour identifier les architectures qui aboutissent & 1’émergence de comportements
améliorés ; les méthodes d’optimisation de la topologie concernant la piézoélectricité et la
flexoélectricité peuvent offrir une telle stratégie.

e Dans la généralisation du modele d’énergie de surface de Mindlin, il existe d’autres termes
représentatifs des énergies de surface qui n’ont pas été étudiés ; cependant, ces termes peuvent
étre analysés dans de futures contributions.

e Afin de valider les schémas d’homogénéisation et les modeles constitutifs formulés pour les
milieux magnétoélastiques périodiques et quasi-périodiques, des simulations numériques doivent
étre incorporées aux études expérimentales.

e Les modeles d’éléments finis développés étant limités a la 2D, une extension de ces modeles a
la 3D est prévue pour déterminer les propriétés mécaniques, piézoélectriques, flexoélectriques et

magnétiques homogénéisées des matériaux architecturés.
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e Il serait intéressant d’intégrer la multiphysique a la dynamique en développant des schémas
d’homogénéisation dynamique pour les hautes fréquences.

e Parmi les perspectives de cette these, ’étude de la réponse des matériaux en treillis aux grandes
déformations dans le cadre des continuums généralisés est d’'un grand intérét (les matériaux
architecturés sont constitués d’éléments minces et ce sont des matériaux poreux qui peuvent
développer de grandes déformations pour des matériaux de base souples. Un exemple d’application
peut étre la peau artificielle).

e Enfin, il convient de mentionner les perspectives scientifiques et les applications intéressantes
de la méthode d’homogénéisation flexoélectrique proposée dans le domaine de la biomécanique
osseuse, en particulier dans le remodelage osseux, malgré la complexité supplémentaire de
I'incorporation des changements de microstructure au cours du remodelage. En outre, le schéma
d’homogénéisation quasi-périodique peut étre appliqué aux matériaux a architecture conforme

subissant une transformation conforme de leur conception.
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Appendix A

Derivation of Hill-Mandel lemma in

surface integral format

The surface integral formulation for the kinematic and static variables entering Hill-Mandel
macrohomogeneity condition for the effective strain gradient formulation is derived. These stress and
hyperstress tensors will be expressed as surface integrals over part of the boundary of the unit cell where

the macroscopic kinematic loading is applied (wherever material is present) as follows:

1 1 1
Y oY Y

1 1 1 1
= = dVy, = —— ndS, = —— tdS, = - t
S=@yoao)y, m/y@a "y 2|Y‘/y®y®an Y 2|Y|/y®y® 2<y®y® Yoy
Y oY oY

(A1)
The last equality in Eq. A.1 results from the choice of the strain gradient as the higher order kinematic
variable and the fact that the hyperstress has the same index symmetry as the conjugated stress variable.
Similar surface integral expressions hold for the strain measures and use of Whitaker theorem, stating
that the average of the microscopic gradient is equal to the macroscopic gradient of the average for

continuous interfaces:

E:=E) = D/lly/s v, = |YI|BZ (u®n)SdSy = <(u®n)s>8y

K:=(€W)yoV. = (@aVy, = (@)yoV.=({Eycn,

(A.2)

31 [ et o= (won) 0% = g [ ((wen),, o) o
Va

oY

1
- IV%Z B(z) ® N(@)dS, = - [[(B@)ar. ]

in which the bracket [[(.)]] denotes the relative variation of the enclosed quantity between the two opposite
faces or edges of the unit cell. The last equality in the third line results from the homogeneity of the

macroscopic quantities. The last relation results from the periodicity of the unit cell (the homogeneous
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domain called V), with the macroscopic normal vector therein N (z) taking opposite values on opposite
faces (in 3D) or edges (in 2D).

Thus, the strain gradient tensor can be elaborated from the macroscopic normalized variation of the
macrostrain over the macroscale. The macroscopic energy (up to a factor 2) of the effective strain
gradient continuum can be purely expressed with surface fields; it holds indeed the following relations in

the absence of body forces:
w(E.K)=S:E+S K=E:C™ .E+K A" .K 2E: (Bh°m+Bh°m’T) K
_ . s 1 . s
7@®wmh<m®n)%Y+2@®y®ww.(m®n)%y®vf

— X = (y ®t),, average Cauchy stress over the unit cell

1
— 8= (y @Y ®t),y average hyperstress over the unit cell

wherein C"™ A"™  B"™ are the effective homogenized first gradient moduli (Cauchy effective moduli),
second gradient effective moduli and coupling moduli, respectively.

Thereby, the mesoscopic work of internal forces has been fully expressed from the surface displacements
and tractions. The last two relations in Eq. A.3 highlight the surface elaboration of the stress and
hyperstress tensors over the unit cell area or edges in the adopted 2D geometrical context.

This parallels the fact that the hyperstress involves a higher order dyadic product of the surface
microscopic position, viz. § := %(y @y ®@t)yy, in comparison to Cauchy stress tensor formulated as
a surface integral and involving a single dyadic product, viz. ¥ := (y ®t),,, as evidenced in Eq. A.3.

The comparison of Eqs. A.3 with the surface formulation of Hill-Mandel macro-homogeneity condition of
Eq. A.4:

/Ya:(w@)vy)dv i :Z ((B@)-Y') 2N ]_12</ on ds®w>
Z (K@ v)eN): > <2Y B (U.n)d8> oYyl  (Ad)
i=1 j=1,2

=(0)y :E+{®0o)y . K=X:E+S. K

leads to the following alternative formulation of the stress and hyperstress tensors:

(fmer)
( /[ tdsyw@w)

Recall that the last two expressions of the stress and hyperstress in Eq. A.3 result from the fact that the

Yi=(yt)yy, |Y| Z

j=1,2

2@®y®t DWEZ

(A.5)
S :=

traction vector is antiperiodic. The presence of the microscopic position on the boundary where material

is present reflects the importance of surface effects.
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The surface expression of the strain and strain gradient tensors in Eq. A.2 is dual to that of the stress
and hyperstress tensors respectively. It includes the density of strain as a flux reflected by the presence
of the normal vector therein, that ‘compensates’ for the surface effects accounted for by the microscopic
position y present in the stress tensors, so that the product of stress with strain still has the (as for the
first strain gradient effective continuum) unit of an energy per unit volume. This fact is clear since the
strain gradient tensor has the unit of the inverse of a length.

We observe from previous relations that both the average stress and average strain are expressed as surface
integrals with a linear integrand in the microscopic position, which entails that the tensor of homogenized
Cauchy moduli relating them mutually does not depend on surface (or edge in 2D) properties. In contrast
to Cauchy effective medium, due to the scaling of the hyperstress and strain gradient tensors, the strain

gradient moduli includes a dependency upon the square of a length parameter.
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Appendix B

Discrete homogenization method for

repetitive periodic lattices

The discrete homogenization method aims to replace the vector of discrete microscopic displacements
u; = (uLT, u,;y) by a vector of continuous macroscopic components u = (ug(z,y), uy(z,y)): this

continualization process is achieved by expanding the discrete displacement as a Taylor series expansion

201].
N N m n
B B ()™ (y:)" 0™ u (x0,y0)
u; = u(zi,y) = Z Z ) D oy (B.1)
m=0n=0
wherein u (zo,y0) = (usz (T0,%0), Uy (X0,Y0)) is the vector of macroscopic continuous generalized

displacements. Also, x; and y; are the coordinates of the node number 3.
For instance, the truncation of the Taylor series expansion in Eq. B.1 leads to the construction of the

macroscopic continuum as follows:

Oug, Ougy 72 0%upy Y2 0%y, 0y,
— , , d 3 LA i B.2
Ug; Uz, + T4 O + y; 8y + 9 Ox2 + 9 8:1/2 + x;y; amay ( )
Ouy, Ouy, a? 32“1}0 y; 82“1}0 82”2}0
= ; ; = = i B.3
tys = Uyo + T Oz T Oy * 2 Ox? + 2 Oy? + b Oxdy (B3)

Periodic boundary conditions must be applied to a periodic structure before the calculation of the effective
mechanical properties. For this purpose, a set of definitions are required, and they are presented in the

following subsections.

B.1 Direct Translational Bases

dr denotes the translational symmetric primitive bases of the lattice and it refers to as the direct
translational bases. The UC, that fills the space under translational symmetry, is tessellated using
these translational bases. The direct translational bases are feature of the UC envelope, that reveals the

axes along which the UC is tessellated to fill the space.
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B.1.1 Direct Translational Vector

The reference UC is translated to any other cell in the lattice space using a direct translational vector,
which is represented as a linear combination of the direct translational bases. This appears as a basic

(primitive) lattice vector that covers a set of cells in lattice space and is expressed as:
n
R=>"myi (B.4)
k

wherein n is the dimensional space of the lattice (n = 2 in 2D and n =3 in 3D) and my, is any set of

integers.

B.1.2 Position Vector

The position vector of nodes throughout the entire lattice can be described as a function of the node

bases, defined with respect to the UC envelope along with the direct translational vector as:

n
p=gi+R=5+> mix VIe{l,..J} (B.5)
k

where p; is defined as the node position vector, and J is the number of independent nodes within the

reference UC.

B.1.3 Direct Lattice

The direct lattice is the collection of independent node bases, across the reference UC envelope, spanned
over the infinite periodic lattice by their position vectors. To determine this independent set of node
vectors over the reference UC, we check whether a vector j;_; relies on a vector j; across one UC period

through the relation:

Ji-1 =1+ kafik (B.6)
k

This dependency information is employed later on to adjust the strain energy over the reference UC to

obtain the periodic strain energy throughout the entire lattice material.

B.1.4 Periodic Transformation matrices

Periodic displacement boundary conditions are applied over the generic UC of Fig. B.1 which results in

the following conditions:
4R = 4q1; 9T = qB; 49RB = qLB; LT = qLB; 4RT = (LB; (B.7)

wherein R, L, B, and T are respectively the right, left, bottom, and top edges, and q is a generic nodal
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Qur qr CrT

qcrt

L qR

LB (s (rB

Figure B.1 The periodic displacement boundary conditions of a generic unit cell

or element function, such as deformation and force. Eq. B.7 is rewritten in matrix format as:

qr _ _
1 0 0 0
4B
01 0 0
ar 010 0l 1
qr
qr 001 0
4B ~
gr | =10 0 1 0 , orq=Tq (B.8)
qrL
ILp 00 0 1
0 0 0 1| LILB]
4dRB
000 1
qLT
0 0 0 1)
|4RT |

where T denotes the transformation matrix from the degrees of freedom of the primitive cell , ‘¢’ to
degrees of freedom of the reduced cell , ‘G

Using the same methodology that was used to construct the kinematic transformation matrix, the
equilibrium transformation matrix is generated, in which it takes into account the anti-periodic constraints

required for the static equilibrium of the lattice. For the four generic UCs of Fig. B.2, the static equilibrium

fis B fre| |fim
fir fr frr| [for
}" L fL f‘I fR . fL

Figure B.2 The periodic equilibrium boundary conditions of a generic unit cell
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relations can be expressed as follows:

fe+fo=0; fr+fp=0; frr+ fir+ fee+ fup =0;

Rearranging Eq. B.9 in matrix format leads to:

Ji 100000000
Jo | 011000000
1 Jooo110000
sl o000 11

with TT being the transpose of the transformation matrix T'.

fr
fB
fr
fr
fr
fr
frB

frr

/R ]

, orf:TTf:O

(B.10)
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Appendix C

Closed-Form expressions of the

effective strain gradient moduli

Applying the homogenization method described in section 2.2.2, the effective Cauchy and strain gradient
moduli are obtained as closed-form expressions for the hexagonal and square unit cells as shown in tables
Table C.1 and Table C.2 respectively (relying on Eq. 2.6 for the hexagonal UC and the same can be

applied for the square UC).

Table C.1 Closed-from expressions of the effective properties of general hexagonal lattices.

Effective Moduli  Closed form expression
AE cos(0) [c032 (9)+a(sin2 (0)+2Bcrf )]

Oll

bLeyyy1(B+sin(0))
C AE(B+sin(0)) [sin2(0)+acosz(9)]
22 bLcyfv1 cos()
AFEsin(260)(1—a)
Cr2 2bLepfm
3EIL? |:sin2(6)+ﬁ2+2/3 sin(0)+4ﬁ2ﬁ§ff (sin2(0)+cosi¢) +’yg+"/3:|
C
33 bh3 , ; cos(0)(B+sin(0)) [%Jr[agff (51112(9)+@)]
6EIL%cos® () {i%i’ff (mﬁ(a)#"iﬁ)}
An b2 (B+sin(0))
A 3EIL? cos(9)[10sin(0)+108(8+10sin(6))+52 ;174
22 bhZ ,  (B+sin(0))
A AEL?(B+sin(0)) [a1’75+COS2(9)"{6]
33 2bh. sy cos(0)
AEL?(B+sin(6))3 [sin2(9)+acosz(0)}
A44

4bLcy 5 cos(6)
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Ass

Asgs

A12

Az

Ass

A

Azy

Ass

A36

Aus

AEL?cos®(0) [sin2 (0)+acos? ((7‘)]
bLesy(B+sin(0))

8 BIL (Frsin(0)! [ 1452, (s @)+ 2512 )

bhsz (sin(20)+28 cos(0))

3EIL*cos?(9) |:1+2B3ff (%1n2(9)+ cos?(6) ):|

3
bheff

_ 6EIL? cos(0)[ 4 (B+sin(0))+7]

3
bhfff

2
12E1L2coqe){4+5Eff<mn2w)+iﬁgﬂﬂ)]

3
bheff

6E1L%ﬁ+$nw»2[%+ﬁ3f<mn%9y+5§§@)}

3
bR, |

AEL? cos()vs
16bLeff

AEL?cos®(0)[sin(0) (1—a) (26843 sin(8))+a]
2bLcf(B+sin(0))

12E1L?(B+sin(6))? [1+ﬂ§ff (sm (0)+ ) (‘”)}

3
bheff

12EIL?(B+sin(0))?[ % (B+sin(0))+e]
B b}zgff cos(6)

AEL?(B+sin(9)) [sin2 (8)+acos? (9)]
QbLeff

In this Table,

b is the out-of-plane thickness of the unit cell,

A

bt

is the cross-

sectional area of the elements, and I = 1—12bt3 is the second moment of area of the

elements.

The intermediate parameters found in Table C.1 have the following expressions:
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121 31 hefy (1—sin) t

t
=5 =5 Pegy =7 B=7; hegp=h-— i Lepr =1L —
ALiff Ahsz ¢ f ¢ ¢ 2cos

Y1 = (1 + 2Besssin’® (0)) + 2085 ycos® ()

==

cos 6

_ 3 3 2 96 .4 cos? (0) .2 2
Y2 = 2882 psin (0) (B2pf +4) + 526 ( sin® (0) + o2 + 2sin” (0) cos” ()

(0%

¥ = Bers (i0082 (6) +sin® (9)) +28% (1 — 3sin? (0) + 4sin? (0) (sin2 ) + COSQ@)))

Y4 = By (COSZ(G) (208 + 13sin® (0) + 83%) + 48 sin (0) (5sin” () + 2Bsin (0)) + 1 + 13sin* (§) — 6sin? (9))
v5 = (sin” (0) + 2,6’g’ff (IOsin4 (6) — 12sin® () + 4 — 4B sin (6) cos (26)) + B (2sin (0) + B (1 + ﬂsffsiHQ 9))))
76 = cos? (6) (4 + ,6’266” +4BBeyssin (0) + 5ﬁeffsin2 (9))

= 0y (s (6) + et )+ gsin @) (e 20+ 20052(9))

(67

vs = 4sinf ((a — 1) (28 + 3sin® () — a) — 208sin® (0) + 150 (1 — 4cos® (0)) + o3

Table C.2 Closed-from expressions of the effective properties of general square lattices.

Effective Moduli Cll = 022 C33 A11 = A44 A22 = A33 A55 == A66

. AE 24E1 AEL? 3EIL> 12E1L>
Closed form expression Ty bt it 15,5 7
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Appendix D

Comparison of the discrete
homogenization method with

another method

A comparison between the results obtained in the present discrete homogenization method and the one
in literature by [202] was made. A summary of the method is exposed as follows:
1. The normal force N, the transverse force T and the moment M exerted on the beam extremities

are expressed in the following expressions:

N’ =k/ (¢". (Df — D7)

Neb — —N%b
eb b bl € € li € € (Dl)
TEb — _ gb
kbla
MiP = L2 (3.8 (DG — D) + 5 (265 + 63)) -e3
kbGla (D.2)
Mg = ~L2 (3.5 (Dg — D3) + [ (65 + 2¢5)) -3

wherein the subscripts E and O refer to the extremity and the origin nodes of the beam respectively
and the superscript b refers to the beam. ¢ and D are the nodal microrotation and the displacement
respectively and [ = €l is the length of the beam. e and e’ are the unit director and the normal
unit vector respectively. k?:% and ki’f = UTE:)I;) are respectively the beam tensile and flexural
rigidities, with I¢® being the quadratic moment f)f the beam and A" the cross-sectional area

2. The asymptotic expansion of the geometric and kinematic variables of each beam is written in

curvilinear coordinates, and next into Cartesian coordinates [205].
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3. The equilibrium expressions of the beam forces and moments are expressed in virtual power form:

>3 (T NT) =0

vi€Z2 beEBR (D3)
S (ME-wp+ Mp-wh) =0
vi€Z? beEBR
With &’ , and I./, virtual velocity field components and being the virtual rotation velocity.
4. The virtual power of internal forces over the elementary cell boundary nodes is written as :
z (TE(VE*V0>+NE(UE*UO)>:O (D.4)

beBRr

After developing the expressions of (1./ E— ‘./ o) and (& E— [.] o) using Taylor series expansion,

the continuous formulation of the virtual power is found to be:

lim P = lim* " P, = /PE (D.5)
b

e—0 e—0
Q

Eq. D.5 will include three integrals of zero-order, first and second-order of €, leading to Cauchy
stress, coupling terms and second-order hyperstress tensors, respectively.
5. Comparing with the postulated second-order continuum then leads to the expression of the virtual

power of internal forces:

i _ h _ q 8b Pq 32b
pefiessrmbar f (o () (22 Yo o

Q

The Cauchy stress ¢ and the hyperstress S can be calculated using Eq. D.6 as

o= (0ij€) ®eq=FI®e,
(D.7)
S = (Skgper) ®eq e, =HY ®e; Qe

in which the detailed expression of F'¢ and HP? as well as the whole method can be found in [302].

Using the following constitutive law for a second-order continuum in Eq. D.8 the effective moduli

are then determined.

3i=Cijkr:Eri+Bijrim .. Kiim
(D.8)

T, .
Sijk=Bijkpq EpgtAijipgr .. Kpgr
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Appendix E

Quasi-periodic enriched Cauchy

stress

This subsection introduces another post-processing scheme (top-bottom scheme) of the true strain
gradient approach, which shows a link between the strain E and strain gradient term (E ® V,) from
macro-scale computations. As well, it shows that the stress will depend on both, strain and strain
gradient. Considering the quasi-periodic macrodomain as a first step for the full-field computations,
allows the determination of the strain E across the boundaries of the UC of the quasi-periodic domain
which differs from one UC to another. This difference is captured by the strain gradient term (E ® V)
that must be taken into consideration when accounting for the UC boundary conditions. Consequently,
we show in subsequent developments that we will reach an enriched Cauchy medium starting from a

quasi-periodic macrodomain §2,,.

o |

10 0|0 @7

E E+E®V,

Figure E.1 Illustration showing the quasi-periodic macrodomain and an isolated UC with the macroscopic strain

and strain gradient as kinematic loadings acting on it.

In order to set the stage, we evaluate the volume integral of the microscopic energy density in a
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macroscopic quasi-periodic domain £,

/u)u (e) dQ, = %/0 e d, (E.1)

Qﬂ QW
At the macroscopic level, the strain is not constant throughout the domain, and there exists a strain
gradient between two neighboring unit cells that accounts for this variation. Therefore, (E, and E ® V)
are considered to be the quasi-periodic kinematic boundary condition