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Abstract

Synopsis: With the burgeoning computing power available, multiscale modelling and simulation
has these days become increasingly capable of capturing the details of physical processes on differ-
ent scales. The mechanical behavior of solids is oftentimes the result of interaction between mul-
tiple spatial and temporal scales at different levels and hence it is a typical phenomena of interest
exhibiting multiscale characteristic. At the most basic level, properties of solids can be attributed
to atomic interactions and crystal structure that can be described on nano scale. Mechanical prop-
erties at the macro scale are modeled using continuum mechanics for which we mention stresses
and strains. Continuum models, however they offer an efficient way of studying material prop-
erties they are not accurate enough and lack microstructural information behind the microscopic
mechanics that cause the material to behave in a way it does. Atomistic models are concerned with
phenomenon at the level of lattice thereby allowing investigation of detailed crystalline and defect
structures, and yet the length scales of interest are inevitably far beyond the reach of full atom-
istic computation and is prohibitively expensive. This makes it necessary the need for multiscale
models. The bottom line and a possible avenue to this end is, coupling different length scales, the
continuum and the atomistics in accordance with standard procedures. This is done by recourse to
the Cauchy-Born rule and in so doing, we aim at a model that is efficient and reasonably accurate
in mimicking physical behaviors observed in nature or laboratory.

In this work, we focus on concurrent coupling based on energetic formulations that links the con-
tinuum to atomistics. At the atomic scale, we describe deformation of the solid by the displaced
positions of atoms that make up the solid and at the continuum level deformation of the solid is de-
scribed by the displacement field that minimize the total energy. In the coupled model, continuum-
atomistic, a continuum formulation is retained as the overall framework of the problem and the
atomistic feature is introduced by way of constitutive description, with the Cauchy-Born rule estab-
lishing the point of contact. The entire formulation is made in the framework of nonlinear elasticity
and all the simulations are carried out within the confines of quasistatic settings. The model gives
direct account to measurable features of microstructures developed by crystals through sequential
lamination.

Key words: Cauchy-Born rule, ellipticity, hexagonal lattice, material force, microstructure, mor-
phology, rank-one convexity, relaxation, sequential laminate, stability
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Zusammenfassung

Mit den heute zur Verfügung stehenden Rechenleistungen ist die Multiskalen-Modellierung und
-Berechnung zunehmend in der Lage, detalliert physikalische Prozesse zu simulieren. Das mecha-
nische Verhalten von Festkörpern ist häufig das Ergebnis der Interaktion zwischen vielfachen räum-
lichen und zeitlichen Skalen auf verschiedenen Stufen und demzufolge ein typisches Phänomen
mit Multiskalen-Character. Auf der elementaren Stufe, der Nano-Skala können die Eigenschaften
von Festkörpern anhand der atomistischen Wechselwirkung und ihrer Kristallstruktur beschrieben
werden. Die mechanischen Eigenschaften auf der Makro-Skala werden oftmals mit Hilfe der Kon-
tinuumsmechanik modelliert. Obwohl Kontinuum-Modelle ein effizienter Weg zur Untersuchung
von Materialeigenschaften sind, weisen sie jedoch oftmals eine unzureichende Genauigkeit und
einen Mangel an mikrostrukturellen Informationen über die mikroskopische Mechanik auf. Atom-
istische Modelle andererseits ermöglichen die detallierte Untersuchung der Kristall- und Defekt-
struktur. Dennoch sind die Längenskalen, die von Interesse sind, immer noch weit entfernt von
den Möglichkeiten einer komplett atomistischen Berechnung und machen diese unerschwinglich
teuer. Somit besteht der Bedarf für Multiskalen-Modelle. Die Schlußfolgerung und ein möglicher
Zugang zu diesem Ziel ist die Kopplung verschiedener Längenskalen, der kontinuums- und atom-
istischen Skala, in Übereinstimmung mit Standardverfahren. Mit Zurhilfenahme der Cauchy-Born
Regel zielen wir auf ein Modell ab, welches effizient und genügend genau in der Simulation des in
der Natur oder im Labor betrachteten physikalischen Verhaltens ist.

In dieser Arbeit konzentrieren wir uns auf eine simultane Kopplung der Kontinuums- mit der
atomistischen Formulierung basierend auf energetischen Formulierungen. Auf der atomistischen
Skala beschreiben wir die Deformation des Körpers anhand der (verschobenen) Positionen der
Atome, die diesen Festkörper bilden. Auf der Kontinuumsebene wird die Deformation des Fes-
tkörpers durch den Verschiebungsvektor, der die gesamte freie Energie minimiert, beschrieben.
In dem gekoppelten Kontinuum-atomistischen Modell wird eine Kontinuumsformulierung als all-
gemeiner Rahmen beibehalten. Das atomistische Characteristikum des Modells wird einbezogen
mittels einer konstitutiven Beschreibung, wobei die Cauchy-Born Regel als Schnittstelle dient. Die
gesamte Formulierung wurde im Rahmen nichtlinearer Elastizität gemacht, wobei quasistatische
Zustände angenommen wurden. Das Modell liefert messbare Eigenschaften von Mikrostrukturen,
wie sie bei Kristallen durch sequentielle Lamination entstehen.
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Notation

ϕ Nonlinear deformation map
F Deformation gradient
Wo Strain energy density per unit reference volume
Q Proper orthogonal tensor
SO(n) Group of proper orthogonal tensors
I Energy functional
{ϕk}k∈N Sequence of admissible deformations
B0 Reference configuration
∂B0 Reference boundary
K Zero set of energy density

Bt Current configuration
I Identity tensor
Ei Cartesian basis vector in the reference configuration
ei Cartesian basis vector in the current configuration
Wt Strain energy density per unit current volume
X Reference placement
x Current placement
C Left Cauchy-Green deformation tensor
b Distributed body force field per unit mass
Π t First Piola-Kirchhoff stress tensor
ε, δ Parameters of Lennard Jones potential
σ Cauchy stress tensor
ρ0 Reference mass density
ρ Current mass density
t Surface traction
A Space of admissible deformations
f ext

i External load on atom i
dX Material line element
dx Spatial line element
dV Reference volume element
dv Current volume element
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φk k-atom interaction
Eint Total internal energy
Ei Energy contribution of site ri

Ri Reference site
ri Current site
Ω Two dimensional domain
B0 Finite lattice in reference configuration
r0 Lattice constant
f i Net force acting on atom i.
f ij Force on atom i due to interaction with atom j
kij Atomic level stiffness
Etot Total energy
ui Displacement of atom i
L Set of all lattice sites
L0 Set of bulk lattice sites

n Unit normal vector in the current configuration
N Unit normal vector in the reference configuration
da Area element in the current configuration
dA Area element in the reference configuration
L Tangent operator
M

n×n
+ Set of orientation preserving tensors of order-n

U Right stretch tensor
q Acoustic tensor
a Amplitude of deformation jump
Gn Generation of level-n laminate
δij Kronecker delta
W Q

0 Quasiconvex envelop of W0

W R
0 Rank-one convex envelop of W0

Kqh Quasiconvex hull of K
Krh Rank-one convex hull of K
ξ Volume fraction
ξi Local volume fraction
νi Global volume fraction

fij Spatial interaction force
Fij Material interaction force
πt Material two-point stress tensor
Σ

t Eshelby stress tensor
J Determinant of deformation gradient



Introduction

Several computational problems in engineering and materials science exhibit predominantly multi-
scale behaviors. Examples of practical interest cover crack propagation(e.g. see Fischer et al.(1997)
or Rafii-Tabar et al.(1998)), structural analysis of composite materials and crystalline microstruc-
tures. Composite materials are generally known to exhibit different behaviors over a range of length
scales, consequently the development of modelling techniques for the prediction of the response
of such materials to different states of stress and loading conditions goes as far deep a level to the
nano-scale.

Why do crystalline materials fracture ? What happens to a crystalline material with initial crack
when subjected to external loading ? A comprehensive answer to these deceptively simple ques-
tions requires knowledge and understanding of what is happening down to the atomic level. Indeed,
one needs to take into account the mechanics of atoms in the material. At the atomic scale em-
pirical potentials are used to describe the interactions between atoms. Furthermore, molecular
dynamics which gained popularity in material science research is used to investigate the dynamics
of atomic level phenomena that subsumes bond stretching and bond-angle bending. Continuum
level(macro-scale) modelling usually applies statistical mechanics to the system as a whole and
neglects emphasis on details of the way individual atom behaves, as a result, the corresponding
atomistic level computation adheres to quasistatic settings.

Generally, the performance or failure of materials is affected by the mechanics of events at dif-
ferent levels that usually extend down to the atomic scale, hence, some of the problems that deal
with material properties are inherently multiscale and therefore inevitably involve processes too
complex that one can not describe on a single scale. Consequently, modelling and simulation of
material behavior is oftentimes carried out at multiple scales thereby making concurrent simula-
tion necessary. A prototype of such multiscale problems, crack propagation requires integrated
simulation of multiple parts at a time. On the one hand, models on the continuum scale are gen-
erally known to be efficient but lack accuracy where this drawback arises from the fact that all
properties of materials on this scale are described by a constitutive law, usually representing an
average behavior of the material as a result of which some specific information on finer scales
such as details on an atomic scale is lost. For instance modelling plasticity in this context leads
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to representation of the collective action of many dislocations and failure, thereby ignoring the
details of individual dislocation interactions. On the other hand, atomistic scale models even if
they are accurate in capturing fine-scale features they are computationally not affordable. Insofar
as the interatomic force laws accurately describe and appropriately applied to a real material one
may conclude that the precise description of material behavior comes from the atomistic models.
However, fully atomistic simulation in which each and every atom is explicitly involved and laws
of interatomic forces are considered is computationally expensive to be used to model the entire
system no matter how essential it might be for capturing the finer scale process in the problem. In
recognition of this apparent limitation, the field of multiscale materials modelling whereby atom-
istic modelling(finer scale model) is used in conjunction with larger scale models and that helps
deal with problems over a range of scales has attracted significant attention (for more on this see
Arroyo et al.(2002) Broughoton et al.(1999) Dudo et al.(2000) Ghoniem et al.(2003) Friesecke et
al.(2000) Hadjiconstantinou(1999) or Kadau et al.(1999, 2002)). For a general model geometry
and given boundary conditions, solution of the continuum equations, i.e. the underlying boundary
value problem is tackled numerically using approaches such as the finite element method (FEM).
For a specific problem and relevant example see e.g. Arnold(2002) Shenoy et al.(1999) Shu et
al.(1999) or Gobbert et al.(1999).

Hybrid models directly linking atomistic features to continuum finite element regions have been
developed by several people, Tadmor et al.(1996,1999) Sunyk, Steinmann(2001, 2002) . In gen-
eral, multiscale(continuum-atomistic) computational modelling aims at bridging the scales between
atomistic and continuum models. The main mathematical issue in relating continuum models to
atomistic systems rests on identifying the appropriate averaging techniques to obtain effective prop-
erties at the dominant scales. This marks the point where the Cauchy-Born rule comes into play.
In the description of material behavior on continuum scale, one is working with continuum field
averages among which one speaks of internal energy, stress, strain etc. Thus, in the framework of
continuum the solid is considered as a continuous medium with average properties, where in this
average description of material properties every mathematical point in the solid is regarded as a
material particle representing a finite sized region on the smaller scales e.g. microscale (Tadmor
et al.(1996)). The material property is subsumed into the model through phenomenological con-
stitutive law relating the response of the continuum on a pointwise basis to the local deformation.
In view of this, the use of atomistically derived constitutive relations has the advantage of lending
the model all the relevant symmetries. The crystal is free to assume any configuration rendered
by equilibrium and the resulting structural stability is subject to the fact that particular structures
have bond lengths that take advantage of minima in the strain energy density. One of the central
missions in the coupled model is to find out the relation between atomistic and continuum perspec-
tives. It is of interest to further examine the correspondence between kinematic notions such as
the deformation gradient and the conventional ideas from crystallography where one possible point
of contact between these two sets of ideas is provided by the Cauchy-Born rule (Ericksen(1984,
1986)). This rule which mainly serves as a gateway for bringing atomistic features into the realm
of continuum basically enables the coupled model deal with problems over range of length scales.
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Continuum-atomistic method however it permits the analysis of problems requiring simultaneous
resolution of continuum and atomistic features and the associated deformation process, a common
difficulty in this field of hybrid modelling is an appropriate description of the transition between
atomistic(lattice) and the continuum. Indeed, this problem emanates from the difference in the
nature of internal forces that act in the two regions(Kohlhoff et al.(1991)). To be specific, if we
consider a fracture mechanics problem and pick the case of crack propagation(a typical example
of multiscale system), in order for the crack to grow atomic bonds at the crack tip must be broken
and the bond breaking event is obviously followed by a significant deformation of the lattice. In
general, in regions surrounding the crack some bonds are totally destroyed and some significantly
deformed but not to the extent of debonding. Due to this bond breaking and distortion that is preva-
lent in the immediate neighborhood of the crack, this regions are dominated by atomistic physics
at the nano-scale. Thus, lights that are gleamed from atomistic investigations provide information
of paramount significance that give insight into the phenomena controlled by lattice effects. Far
from the crack even if the lattice is relatively less deformed, the strain fields persist for longer
distances and hence the system is governed by continuum mechanics. In view of this therefore,
the continuum-atomistic approach has a viable siginificance for the detailed understanding of the
evolution of crack in crystalline solids, see e.g. Kohlhoff et al.(1991) Ortiz, Philips(1999) or Klein,
Gao(1998) for examples and further details.

When solids are subjected to deformation, one can observe a structural change in the underlying
crystal lattice. For instance, an arrangement of atoms in a highly structured lattice consisting of
cubes may change into a tetragonal phase with less symmetry (see Luskin(1997) for details). Such
a mechanism leads to the formation of microstructure where different variants of the less symmetric
phase occur at the same time on a very small scale (Bartels(2004)) . Continuum models explaining
such microstructures as the mixture of these symmetry related states on a fine scale to minimize
energy have been studied by a number of people (e.g. Kružík(2003), Lambrecht et al.(1998), Li
et al.(1998) or Pedregal(1993)) whereby interesting phenomena like laminate, branching struc-
tures etc were observed. A model for the description of such properties has been set out by Ball,
James(1987) and Ball(1977). Essentially, the model consists of optimization of an energy func-
tional resulting from nonconvex stored energy density over a space of suitable deformations, often
called nonconvex variational problem. The invariance of the energy density with respect to sym-
metry related states implies that the elastic energy density is nonconvex and must have multiple
energy wells. Thus, for various boundary conditions and/or for different external potentials, the
gradient of energy minimizing sequence of deformations inevitably oscillate between the energy
wells available at its disposal so as to allow the energy get close to the lowest possible value. This
naturally paves a way for the material to develop microstructures. A simple and common example
of such a microstructure is a laminate in which the deformation gradient oscillates in parallel layers
between two homogeneous states.

Microstructure as a feature of crystals with multiple symmetry related energy minimizing states
and its importance in the study of materials is known for so long, e.g. “the austenite-martensite
transformation in single crystals is named in honor of the metallurgists Adolf Martens (1850-1914)
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and Sir William Chandler Roberts-Austen (1843-1902)“(Dolzmann(2005)). Elastic properties of
a continuum can considerably be affected by the occurrence of different phases at the same time.
Modelling materials with multiple phases within the confines of nonlinear elasticity usually in-
volves minimizing the elastic stored energy functional on a class of admissible deformations sub-
ject to a given boundary data (see Ball et al.(1987) or Chipot et al.(1988) for an overview). Since
symmetry of the underlying lattice is manifested directly through the elastic stored energy density,
W0 can not be convex. Consequently, the convexity condition as required in the direct methods of
the calculus of variation is violated. Hence, we can not employ the general theory to investigate
existence and uniqueness or explore the degree of regularity of solutions. ’The pioneering work of
Morrey established the crucial connection between lower semicontinuity of functionals on Sobolev
spaces and quasiconvexity of the integrand’(Dolzmann(2005)). Roughly speaking, quasiconvexity
is sufficient for stability of affine deformations. In other words, if we determine the optimal config-
uration rendering minimum value of the energy functional by utilizing affine boundary conditions,
then such a minimizer is an absolute minimizer.

Quasiconvexity which is an important condition in the calculus of variations has its own demer-
its. Basically, there are fewer examples of quasiconvex functions to deal with evolving real world
problems and furthermore, there are variational problems that can not be analyzed by appeal to
the direct method in the calculus of variations that is based on weak lower semicontinuity of the
functional, e.g. model problems describing phase transforming materials. A suitable way of ana-
lyzing such problems is by considering the largest lower semicontinuous functional that does not
exceed the given functional J and which results from substitution of W0 by its quasiconvex en-
velop W Q

0 . This envelop is the largest quasiconvex function just below W0 and it represents the
average energy of the system. Under this circumstance, the material is free to form a microstruc-
ture that results in minimum energy state. A prototype of this is relaxation of the minimum of two
quadratic energies that was suggested by Kohn(1991)(for further discussion on double well prob-
lem see e.g. Carstensen et al.(1997) Dolzmann, Müller(1995) or Gobbert et al.(1999)). In many
situations instead of quasiconvexity the stronger condition polyconvexity or the weaker condition
rank-one convexity is employed. In this work rank-one convexity is given emphasis and is treated
in chapter 4.

Outline of the study

Multiscale modelling of material behavior in general and the framework of continuum-atomistic
in particular is well-known. Associated with energy minimization, in some cases change of the
external potential leads to significant change in the nature of solution of the whole problem. In
particular existence and uniqueness is affected by external potential that may result in an oscil-
latory behavior of the minimizer whereby the minimizing deformation oscillates between some
fixed values, chapter 1 addresses this oscillatory behavior. We then reiterate briefly some of the
basic concepts and formulations of boundary value problems that constitute benchmark problems
in chapter 2. We commence this chapter by refreshing essentials of atomistic modelling followed
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by review of continuum modelling of a hyperelastic continua and then visit the coupling as based
on the Cauchy-Born rule. We then proceed to numerical examples whereby we employ the model
to study a fracture mechanics phenomena with emphasis on the Cauchy-Born rule as a bridge es-
tablishing the link between atomistics and continuum.

In chapter 3 we deal with the Cauchy-Born rule in some detail, especially we employ this rule to
investigate the response of a crystal lattice subjected to affine deformation on the boundary and
thereby test the validity and failure of the rule. In this part, the behavior of equilibrium energy per
volume of a finite lattice for increasing system size is studied in the context of lattice statics. A
hexagonal lattice model was considered in which the hexagonal unit cell is used to characterize the
switching from the Lennard Jones interaction potential to Harmonic potential. Furthermore, using
the Cauchy-Born rule in conjunction with the virial stress we compute the stress at the atomic level
and compare the result with the established results at a point of a continuum.

On the one hand, minimization of energy functional with non-convex density leads to non-convex
variational problems and hence to the appearance of multiple phases associated with different equi-
librium states of stored energy in an attempt to achieve the lowest energy possible. On the other
hand, phase transition in crystalline solids is accompanied by the development of fine inner struc-
tures(microstructures) involving mixtures of phases and the study of these mixtures is usually han-
dled through the minimization of stored energy. Thus, chapter 4 is meant to give a significant
account of energy minimization and a procedure that captures the lowest energy density attain-
able by the material through sequential lamination, i.e. rank-one convexification is discussed. In
chapter 5 we see material force method in the context of continuum-atomistics, practically we
consider fracture mechanics problems, crack extension and morphology of a void. We give a
continuum-atomistic formulation of the relevant problem and close this chapter with finite element
implementation of the prototype examples. Finally, chapter 6 sums-up the overall work and closes
with discussion.
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CHAPTER1
Motivation

Non-convex variational problems require,
in general, a relaxation to ensure exis-

tence of their solutions.

Roubićek(1996)

. . . minimization and relaxation of non-convex
energies relevant to the study of equilibria
for materials . . . Often a starting point for this
study directly addresses minimization of the
energy, leading to the search for necessary and
sufficient conditions ensuring sequential weak
lower semicontinuity . . .

Fonseca, Müller(1999)

In what follows we present Rank-one convex envelop and its meaning with respect to oscillatory
behavior for non-quasiconvex variational problem. We recall that, by stable configurations of a
hyperelastic material with strain energy density W0 we mean minimizers of the energy functional

I (ϕ) =

∫

B0

W0(F ;X)dX (1.1)

As such, the elastic deformation map, ϕ : B0 → R
n, n ∈ {1, 2, 3} needs to meet several restric-

tions, among which we mention, that under a global condition in place, it is required that ϕ = ϕ0

on the boundary ∂B0 of the domain B0 ⊆ R
n which is open and bounded. The direct method (see

Dacorogna(1989) or Pedregal(1996)) to show optimal solutions of the variational problem

M = inf
ϕ
{I (ϕ) : ϕ ∈ A0} (1.2)

rests basically on the weak lower semicontinuity of the energy functional I (see Dacorogna(1989)
Secton 3.1), summarized

lim
k→∞

ϕk = ϕ̃ =⇒ lim
k→∞

inf I (ϕk) ≥ I (ϕ̃) (1.3)
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where {ϕk}k∈N is a sequence of admissible elastic deformations satisfying the requisite conditions
on the boundary and the weak convergence takes place in an appropriate Sobolev space(compare
Aranda et al.(2001)). The fact that the convenient property (1.3) is equivalent to quasiconvex-
ity (4.5) of the strain energy density W0 is well known. However, when a strain energy density
W0 does not satisfy the quasiconvexity property as is evident in many crystalline solids, multiple
wells are expected and hence highly oscillatory behavior is exhibited in such circumstances(see
Chipot(1991) for further survey). In such a situation, investigation of the corresponding variational
problem can be approached by focusing on a relaxed formulation where the integrand W0 in (1.1)
is replaced by its quasiconvex envelop W Q

0 , for an in-depth treatment of lower semicontinuity and
lower quasiconvex envelop we refer to Fonseca et al.(2001) Brighi et al.(1994) or Fonseca(1988).
For detailed and comprehensive overview of variational models in elasticity see contributions by
Müller(2002), Pedregal(1996), Zanzotto(1996) and references therein. Because of the inherent
difficulty attached to the description of the quasiconvex envelop (4.8), we incline toward other en-
velopes that are closely related to quasiconvex envelop, e.g. rank-one convex envelop and then
concentrate on rank-one convexity as defined by (4.16).

1.1 Non-uniqueness

It has been verified by many authors that quasiconvexity implies rank-one convexity e.g. Da-
corogna et al.(1999), or Dacorogna(1989) and the converse is not true in general except on certain
hypersurfaces (see Chaudhuri, Müller(2003) or Šverák(1992)). However, in many examples and
models that mimic real problems known thus far, replacing the quasiconvex envelop by its rank-
one convex counterpart which is its upper bound in the usual sense, produces reasonably good
results. In fact, sequences of minimizers that are associated to rank-one convex envelop of an
energy density (i.e. laminate) renders configurations with a reasonable degree of accuracy. Often-
times, laminate are used as a descriptive term for microstructure, the latter refers to the fine inner
structure that materials exhibit in an attempt to achieve the lowest energy available to them so as
to accommodate the deformation encountered. For the lamination of microstructures see Bhat-
tacharya et al.(1999) Miehe et al.(2003) or Li(2002) and for rank-one convex envelops we refer to
the contribution by Dolzmann(1999). Finally, being familiar with the type of situation that may
occur in the study of a given variational problem in nonlinear elasticity which lack weak lower
semicontinuity often as a consequence of some specific material symmetry, we proceed to show
example with specific energy density.

We consider a variational problem describing the total energy of an elastic body which has the
general form,

∫

B0

{W0(F ;X) + ψ(ϕ;X)}dX −→ inf ! (1.4)

7



There is an extensive research work focusing on the pressing problem of existence of minimiz-
ers(e.g. Ball(1977), Francfort et al.(2003), Fonseca et al.(1999)) for this class of non-quasiconvex
variational problems under constraints on the derivative of elastic deformation map with the non-
linear stored energy density W0 which is assumed to be objective

W0(F ) = W0(Q · F ), ∀F ∈ M
n×n
+ & ∀Q ∈ SO(n) (1.5)

and also non-negative W0 ≥ 0.

The zero set of such an energy density has a typical disjoint union of multi-well structure, i.e.

K = {F : W0(F ) = 0} =
m⋃

i=1

SO(n)F i =
m⋃

i=1

{Q · F i : Q ∈ SO(n)} (1.6)

where F i is the gradient of admissible deformation preferred for the ith phase, and

SO(n) = {Q ∈ R
n×n : detQ = 1,Q ·Qt = I = Qt ·Q} (1.7)

is the group of proper rotations. Furthermore, we assume that(after normalization) W0 attains its
minimum value only on this rotationally invariant setK, i.e.

W0(F ) = 0 if and only if F ∈K

consequently
W0(F ) > 0, ∀F ∈ R

n×n\K.

The multi-well property can readily be seen from frame indifference of W0, that is,

W0(F ) = W0(Q · F 1) = W0(F 1) = ... = W0(Fm), ∀F ∈K. (1.8)

For the sake of demonstration we treat the problem in the model case of 1D and find the favorable
energetic configuration for the mixing of phases that reasonably approximates the underlying mi-
crostructure of the material. Throughout, we require the derivative of the elastic deformation map
satisfies the finite deformation constraint 0 ≤ ϕ′ ≤ 2, the reference configuration of the 1D body
is taken to be the unit interval B0 = [0, 1], on the boundary of the domain

ϕ(0) = 0, ϕ(1) =
1

2
(1.9)
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and ψ is the potential of external forces and the energy density W0 has the form,

W0(F ) = F 2

[

2F 2

[

3F 2 − 5

]

+ 3

]

+ 1 (1.10)

−1.5 −1 −0.5 0 0.5 1 1.5
0

0.5

1

1.5

2

2.5

3

3.5

4

Figure 1.1: Graphical description of the sixth-degree energy density W0

xxx
The energy density W0 displayed in figure 1.1, is smooth enough to allow operations such as in-
tegration by parts, it is also non-negative function with five critical points among which exactly
two are stable(global minimum), one is metastable and the remaining two are unstable hill tops.
Evidently, the material energetically favors the two stable states corresponding to F = −1 and F =
1. By metastable state of the crystal we mean one that corresponds to a local minima of the energy
functional I (ϕ) with respect to the space of admissible deformations.

In what follows, we specify the external potential for a given problem of interest and then observe
the resulting behavior of energy minimizers.

1.2 External potential and behavior of minimizers

Consider the external force potential of the form

9



ψ(ϕ;X) = ϕ2(X) (1.11)

Our chief objective is to find the solution of (1.4) subject to the boundary data

ϕ(0) = 0, ϕ(1) =
1

2
(1.12)

satisfying the general boundedness(finite deformation) requirement

0 ≤ ϕ′ ≤ 2. (1.13)

Since, both integrands W0 and ψ are non-negative, it follows that

I (ϕ) ≥ 0 (1.14)

for all admissible deformations ϕ, and hence

inf
ϕ

I (ϕ) ≥ 0. (1.15)

The deformation

ϕ̃(X) =

{

0 , 0 ≤ X ≤ 1
2

X − 1
2
, 1

2
< X ≤ 1

has a non-negative weak derivative, satisfies the boundary conditions and is a minimizer.
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Figure 1.2: The plot of ϕ̃, minimizer of the functional with sixth-degree energy density W0
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Indeed, it is the only deformation with such property, in other words it is a unique minimizer. It
can easily be seen that the minimizer ϕ̃ is an absolutely continuous function which is a two-phase1

deformation. The fact that it is a critical deformation can directly be inferred from the first order
variation of the energy functional and that it is a minimizer follows from the second order variation.
Verifying this is straightforward, however lengthy.

Now let us modify only the external potential. We solve here again the same variational problem
as in the preceeding example except for a change in the external force potential which is given by
the expression

ψ(ϕ;X) = ϕ(X) − 1

2
X (1.16)

In this case, each of the following deformations satisfy all the premises of the problem and all of
them make the energy functional minimum.

ϕ21(X) =

{
0 , 0 ≤ X ≤ 1

2

X − 1
2
, 1

2
< X ≤ 1

ϕ22(X) =







0 , 0 ≤ X ≤ 1
22

X − 1
22 ,

1
22 < X ≤ 2

22

1
22 , 2

22 < X ≤ 3
22

X − 1
2
, 3

22 < X ≤ 1

ϕ23(X) =







0 , 0 ≤ X ≤ 1
23

X − 1
23 ,

1
23 < X ≤ 2

23

1
23 , 1

22 < X ≤ 3
23

X − 2
23 ,

3
23 < X ≤ 1

2
1
22 , 1

2
< X ≤ 5

23

X − 3
23 ,

5
23 < X ≤ 3

22

3
23 , 3

22 < X ≤ 7
23

X − 1
2
, 7

23 < X ≤ 1

1Let B ⊂ R
n×n be an open set, a function ϕ : B → R

n is said to be a two-phase deformation iff

i) ϕ ∈ C 2(B0
+ ∪ B0

− , R
n)

ii)∇ϕ and ∇∇ϕ have (at most) jump discontinuities across K = B+ ∩ B− and ∇ϕ(x) ∈ K ∀x ∈ B0

Here, B0 is the interior of B and B± are such that B0
+ ∩ B0

− = ∅ and B+ ∪ B− = B
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The above deformations are the first three terms of a sequence of deformations with the general
term given by the explicit expression

ϕ2n(X) =







0 , 0 ≤ X ≤ 1
2n

X − 1
2n ,

1
2n < X ≤ 1

2n−1

1
2n , 1

2n−1 < X ≤ 3
2n

...
...

X − 1
2
, 2n−1

2n < X ≤ 1

It can be seen that for any n ∈ N, the deformation ϕ2n satisfies the admissibility condition and is
a minimizer. For n = 1, it is a deformation with slopes 0 or 1 and for n > 1, it is a deformation
with slopes alternating between the values 0 and 1. The latter case gives a glimpse at induced mi-
crostructures enforced by minimization of total energy with non-quasiconvex energy densities and
thereby paves a way for the explanation of oscillatory behaviors of solutions of such problems as
visualized in figure 1.3.
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Figure 1.3: Various minimizers(terms of minimizing sequence) of energy functional with sixth-
degree non-convex density(1.10) and external potential of the form (1.16) subject to the same
boundary conditions

These examples reveal that for the same elastic stored energy density and the same boundary data,
modification of the external force potential leads to significant and a complete change in the nature
of solution of the variational problem. Indeed, upon modifying only the external force potential the
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same problem admits infinitely many minimizers thereby violating the uniqueness of solution that
was evident from the first example.
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Figure 1.4: Oscillatory minimizers of sixth-degree non-convex density

Apart from giving energetically favorable configurations, figure 1.4 shows the possible mixing of
phases related to the underlying microstructure associated with successive reduction of the elastic
stored energy.
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CHAPTER2
Mixed continuum atomistic constitutive
modelling

Iseem to have been only like a boy playing
on the seashore, and diverting myself in

now and then finding a smoother pebble or a
prettier shell than ordinary, whilst the great
ocean of truth lay all undiscovered before me.

Newton, Sir Isaac

Mechanical behavior of solids and the associated physical processes are the result of interaction
between multiple spatial and temporal scales(cf. Ortiz et al.(1999)). At the fundamental level,
everything about solids can be attributed to the electronic structures which obey the Schrödinger
equation. However, focusing only on fundamental processes instead of specific details, one may
freeze the electronic degrees of freedom and work with nuclear coordinates(see e.g. Tadmor et
al.(1996) and references therein). In view of this, interactions and crystal structures can be de-
scribed at the atomic scale. Mechanical properties at the scale of the continuum are modeled
using continuum mechanics for which one speaks of stresses and strains. These effective mate-
rial properties on continuum scale are averages of material properties at finer scales. Continuum
models, however they offer an efficient way of studying average material properties, they usually
suffer from inadequate accuracy and lack of microstructural details that help us understand the
microscopic mechanics influencing the material to behave in the way it does(see the monograph
Phillips(2001) for further survey and examples) . Atomistic models, on the other hand, allow us
gain insight and probe the detailed crystal lattice and defect structure. Thus, by coupling contin-
uum models with atomistics we intend to develop a model that have accuracy which is comparable
to the atomistic model and efficiency that is reasonably close to the continuum model(see Tadmor
et al.(1999) on finite elements and atomistics for complex crystals). To this end, we concentrate
on concurrent coupling that links different scales on the fly. In a broader sense, we may group
concurrent coupling method into two major classes, one based on dynamic formulations and the
other based on energetics. In this work, the latter is employed.
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2.1 Atomistic modelling

Atomistic modelling is established on the fundamental assumption that associated with every prop-
erty observed at the macroscopic scale there is a set of microscopic processes on the background,
the understanding of which clarify the observed macroscopic behavior(see e.g. Grabowski et
al.(2002) Lilleodden et al.(2003) Olmsted et al.(2005) or Moriarty(1998) for application to specific
problems). A recurring centerpiece in the study of materials is the connection between structure
and properties. Whether our description of structure is made at the level of the crystal lattice or
the defect arrangements that pervades the material or even at the level of continuum deformation
fields, a crucial prerequisite which precedes the detail study of connection of structure and prop-
erties is the ability to describe the total energy of the system of interest(Phillips(2001)). In this
regard, one seeks for a functional such that given a description for the geometry of the system, the
energy of that system can be obtained on the basis of the kinematic measures that have been used
to characterize the underlying geometry.

2.1.1 Description of total energy

We assume that there is a reference configuration consisting ofN atomic nuclei described by lattice,
and the computation of total energy adheres to description in terms of these atomic positions. In the
framework of standard lattice statics employing empirical potentials, there is a well defined total
internal energy functional E int that might be determined from the relative positions of all atoms in
the aggregate. In many empirical models such a functional has the general format,

E int =
∑

k

{

1

k!

∑

i1,...,ik∈I

φk(ri1, . . . , rik)

}

(2.1)

where
Ek = 1

k!

∑

i1,...,ik∈I

φk(ri1 , . . . , rik)

is the k-atom energy contribution with φk(ri1, . . . , rik) characterizing the k-atom interaction and
I is an indexing set (cf. Ortiz et al.(1999)).
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Figure 2.1: Schematics of a crystal lattice, interaction force and separation
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For a finite energy, with the assumption that the series converges fast, we truncate the series and
thereby concentrate only on two-body interactions. But then the total internal energy reduces to

Eint =

N∑

i=1

Ei where Ei =
1

2

∑

j 6=i

φ(rij) (2.2)

is the energy contribution from site ri and φ(rij) is a pair-potential such that rij = ‖rij‖ = ‖ri −
rj‖ with the quantity rij interpreted as the separation between atoms i and j. From basic vector
calculus, the distance function measuring the separation between vectors is a function of the vectors
themselves, thus, through the relative placements of the atoms in the deformed configuration, the
energy contribution of atom i, Ei becomes a function of the positions rj of all the atoms in the
collection,

Eint := Eint(r1, r2, ..., rN)

In the process of search for optimal configuration, we are looking for stationary atomic positions,
and therefore, observation of such a description of E int as a function of atomic positions instead of
interatomic separation proves to be important.

2.1.2 Kinematics and atomic level constitutive law

The total energy often serves as a gateway for the analysis of material behavior. Though, our pri-
mary emphasis will center on the calculation of energies, it is also worth remembering that the total
energy serves as the basis for the determination of forces as well. In many instances (e.g. relaxation
or molecular dynamics) the calculation of forces is a prerequisite to the performance of structural
relaxation. Recent advances in the understanding and modelling of the energetics and interatomic
interactions in materials coupled with advances in computational techniques make atomistics a
powerful candidate for the analysis of complex materials phenomena(e.g. see the contribution by
Phillips et al.(2002) or Fried, Gurtin(1999)).

In describing kinematics, we commence by a brief review of the direct atomistic modelling, the
discussion is restricted to classical lattice statics (cf. Sunyk, Steinmann(2001) or Ortiz et al.(1999)).
Consider a crystalline material consisting of N interacting atoms as visualized in figure 2.2.
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Figure 2.2: Graphical representation of deformation of a crystalline material.
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The kinematics are then described in terms of the interatomic distance vectors Rij = Ri − Rj

between the atoms labeled i and j respectively. The discrete mapϕ relates the reference configura-
tion to the current configuration via rij = ϕ(Rij). The interatomic interactions are described using
empirical potentials. Whereas there are many well known pair-potentials to the material modeler
(e.g. Morse, Buckingham), for the sake of transparency we will use the simplest of its kind, namely
the Lennard-Jones1 6-12 pair-potential which takes the format

φ(r) = 4 ε

[(
σ

r

)12

−
(
σ

r

)6 ]

(2.3)

with the atomic separation r = rij = ‖rij‖ and parameters σ and ε. Once the pair potential has
been identified, the next task is to give a description of the total energy of the system, find its radial
derivative which is straightforward and then determine the corresponding force fields. This force
fields, in turn, provide the basis for lattice statics or molecular dynamics analysis of the problem of
interest. To this end, using the energy contribution of the atom i which is given by

Ei =
1

2

∑

j 6=i

φ(rij) = 2 ε
∑

j 6=i

[(
σ

rij

)12

−
(
σ

rij

)6 ]

(2.4)

the total potential energy is then represented by

Etot =
∑

i

Ei = 2 ε
∑

i

∑

j 6=i

[(
σ

rij

)12

−
(
σ

rij

)6 ]

(2.5)

The force f i acting on an atom i due to the interactions with all the remaining atoms in the collec-
tion is given by the radial derivative of the total energy

f i = −∇ri
Etot =

∑

j 6=i

f ij (2.6)

with

f ij = −∇ri
φ(rij) = − φ′

ij

rij
rij (2.7)

rendering the underlying constitutive law in the context of lattice statics.

1The Lennard-Jones m − n interaction potential has the format Em,n =
nε

n − m

(
n

m

) m

n−m

[(
σ

r

)n

−
(

σ

r

)m]

where the pair (m, n) of parameters is usually of the type (6, n) such that 8 ≤ n ≤ 20. Setting Nm,n = nε
n−m

( n
m

)
m

n−m

renders N6,12 = 4ε leading to Lennard-Jones 6-12 interaction potential
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The second derivative of Etot with respect to rj yields a second order tensor, the symmetric atomic
level stiffness which is needed in the iterative solution strategy (see Sunyk, Steinmann(2001) for
details)

kij = − ∂2Etot

∂ri ⊗ ∂rj

=
φ′

ij

rij

I +

[
φ′′

ij

r2
ij

− φ′
ij

r3
ij

]

rij ⊗ rij . (2.8)

Please note that, symmetry of the stiffness tensor is a consequence of the equality of mixed partial
derivatives with the assumption of continuity on the energy functional.

It is also worth noting that the diagonal component is the sum over off-diagonal components

kii = − ∂2Etot

∂ri ⊗ ∂ri
= −

∑

j 6=i

kij (2.9)

2.1.3 Energy and external load

The ensemble of atoms may experience a force due to an external agent, in this circumstance where
our concern is to find a configuration with minimal energy, in addition to the interatomic potential
energy there is an energy due to an external load applied to the atoms. In this case, the total
potential energy of the system of atoms consists of the potential energy due to the interaction of
the atoms and the energy due to the applied load, and can be written as

Etot = Eint(r1, r2, ..., rN) −
N∑

i=1

f (ri) (2.10)

Here, ri denotes the position of the atom i after deformation and the series term describes the
energy due to applied loads. As pointed out earlier, the dependence of E int on ri is through
the relative positions of atoms in the deformed configuration. In the sequel, we seek a function
Etot(ri, i = 1, 2..., N) where ri refers to nuclear coordinate, and then in the context of lattice statics
we seek the placement ri such that the total energy is minimum. Thus far, the description is in terms
of atomic positions, but if one is interested in the description of behavior of the system in terms
of displacement fields, taking Ri to be the position of the ith atom in the reference configuration,
the displacement it experiences due to deformation can be given by the vector ui = ri −Ri. This
allows us to rewrite the total energy in terms of atomic displacement as,

Etot = Eint(u1,u2, ...,uN) −
N∑

i=1

f ext
i · ui (2.11)

where f ext
i · ui is the potential energy of the applied load f ext

i on the atom i.
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2.2 Continuum modelling

By way of contrast, formulation and treatment of material properties on macro scales through
continuum models oftentimes leads to phenomenological description of the total energy whereby
the energy is assumed to vary in accordance with some functional of relevant strain measures.
Thus, we seek a functional Etot(F ) which relates the spatially varying deformation field and the
corresponding energy.
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Figure 2.3: Non-linear motion, linear tangent map and configurations

2.2.1 Deformation and motion of hyperelastic continua

A body B (see figure 2.3) regarded a set whose elements are referred to as particles (material points)
is set into one-to-one correspondence with points of a region Bt contained in Euclidean space which
we call configuration of the body. Practically speaking, we have an invertible map

ψ : B × [0,∞) → Bt ⊂ R
3 (2.12)

which assigns to each element P ∈ B and t ∈ [0, ∞), a point ψ(P , t) ∈ Bt. In order to render
a natural description of the motion undergone by the body, on the one hand a fixed configuration
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corresponding to t = 0 is chosen as reference configuration denoted B0, i.e B0 := ψ(B, 0) and on
the other hand, the deformation of the body at t > 0 termed current configuration is denoted by Bt

in other words Bt := ψ(B, t). By setting,

X := ψ(P , 0) and x := ψ(P , t) (2.13)

one can then get rid of the material point P , and write the next expression

x = ψ(ψ−1(X, 0), t) = ϕ(X, t) (2.14)

To facilitate understanding of the kinematics of B, we introduce relevant systems of coordinates
both in the reference and current configurations. We use a fixed Cartesian coordinate system with
origin O and basis vectors {Ei : i = 1, 2, 3} in the reference configuration, and a Cartesian frame
with basis vectors {ei : i = 1, 2, 3} and origin o in the current configuration, thereby equipping
a continuum body with two different configurations, material and spatial. Consequently, the de-
formation gradient which is a tensor valued quantity results from the derivative of the deformation
map ϕ

F = ∇X⊗ϕ (2.15)

At each point X ∈ B0 the deformation gradient F is linear and maps infinitesimal material line
elements to infinitesimal spatial line elements,

dx = F · dX. (2.16)

In the context of differential geometry, the deformation gradient is called the tangent map ofϕ and
it maps the reference tangent space (infinitesimal neighborhoods ofX) to the spatial tangent space
(infinitesimal neighborhoods of x). As a result, it takes the following representation in component
form,

F = Fijei ⊗Ej with Fij = xi,j =
∂xi

∂Xj
. (2.17)

Since the deformation gradient is invertible, we require its determinant to be nonzero

J = det(F ) 6= 0 (2.18)
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Besides being non-zero, for orientation preserving deformation the determinant satisfies,

J = det(F ) > 0 (2.19)

For hyperelastic material response, the scalar valued strain energy function W0 per unit reference
volume at a placement X depends in general on the deformation gradient F (for in-depth on hy-
perelasticity see the monograph by Marsden et al.(1994) or the contribution by Chipot(1990) for
the notion of hyperelasticity in crystals),

W0 = W0(F ;X) (2.20)

Moreover, the elastic constitutive law is furnished by the first Piola-Kirchhoff stress tensor which
results from the derivative of the strain energy W0 with respect to the deformation gradient F

Π t = ∇FW0 (2.21)

Finally, the fourth order tangent operator L, which in general results from linearization of the
constitutive stress function, is given by

L =
∂2W0(F ;X)

∂F ⊗ ∂F
. (2.22)

2.2.2 Measures of deformation

In an effort to describe the constitutive response of an elastic continuum, we encounter measures of
deformation in the immediate neighborhood of a point in the continuum. In view of this therefore,
the Lagrangian measure of deformation, the right Cauchy-Green deformation tensor C = F t · F ,
resolved into components in Cartesian frame is given by

C = CijEi ⊗Ej with Cij = xk,ixk,j = FkiFkj (2.23)

In the same spirit, the Eulerian measure of deformation, the Finger deformation tensor b = F · F t

is expressed as

b = bijei ⊗ ej with bij = xi,kxj,k = FikFjk (2.24)

The aforementioned Cauchy-Green tensors are both symmetric and positive definite. Consequently,
their eigenvalues are real and positive.

In what follows, we observe how the element of area and the element of volume changes during
the deformation process.

21



N n

PSfrag replacements

dX
dY

dZ

dA

dV F

dx dy
dz

da

dv

F−1

Figure 2.4: Schematics of volume and area elements in the reference and current configurations

The referential element of volume2 dV is defined by

dV = dX · (dY ∧ dZ) (2.25)

and is carried onto an element of volume dv during the motion, their relation is established as,

dv = dx · (dy ∧ dz)
= F · dX · (F · dY ∧ F · dZ)
= JdV

If n is a unit vector normal to the area element da in the current configuration then

nda = dx ∧ dy
= F · dX ∧ F · dY
= detF (F−t(dX ∧ dY ))
= JF−t ·NdA

where N is the corresponding unit normal to the area element in the reference configuration. This
expression is oftentimes referred to as Nanson’s formula.

2.3 Coupling the atomistic core to the surrounding continuum

In the context of concurrent coupling based on energetic formulation(cf. Sunyk Steinmann(2001)),
though description of the mechanics of materials on the continuum level is founded on the as-
sumption that the spatial variations in a given field variable are sufficiently slow so as to allow the
smearing out of the atomic degrees of freedom upon which they are founded, a common difficulty
in multiscale modelling is the proper handling of the transition between lattice and the contin-
uum(see the cotribution by Rudd et al.(2000) and references therein for an overview on a seamless
coupling of quatum to statistical to continuum). Indeed, this problem arises from different nature
of the internal forces which act in the two regimes. Investigation of these forces basically lies on
the description of internal energy. Hence, the central idea in this part is to establish a connection
between the phenomenological macroscopic energy density W0 and the atomic potential of interest.

2dY ∧ dZ is the vector product in the usual sense and J = detF .
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2.3.1 Macroscopic energy and interaction potential

The link between atomistic and continuum material properties requires a procedure for determining
the nonlinear elastic continuum response of crystal with a particular atomistic structure. The con-
tinuum response rests on the results produced by discrete formulation at the atomistic scales based
on discrete lattice statics. The procedure of determining the continuum response involves comput-
ing the changes in the stored energy of a crystallite under the action of continuum deformation mea-
sures. Thus, deformation is applied to lattice using the standard Cauchy-Born rule(Ericksen(1984))
which prescribes the atomic positions in the strained lattice by application of the local deformation
gradient F .
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Supposing that underlying each point of a continuum there is a bravais lattice generated by ba-
sis vectors E1, E2 and E3, if the continuum is subjected to a deformation ϕ with corresponding
deformation gradient F the Cauchy-Born hypotheses states that e1 = F · E1, e2 = F · E2 and
e3 = F ·E3 constitutes a basis of the deformed lattice, i.e. a lattice vector behaves like a material
filament. To give a brief account of this, we start with a homogeneous deformation of an infinite
representative crystallite body. Since lattice vectors are assumed to deform as would material line
elements, it follows that the position vectors ri in the spatial configuration would be obtained from
the corresponding vectors Ri in the material configuration by applying the deformation gradient
F , which is possible by recourse to relative atomic positions. Consequently, the lattice vector r ij

is given by

rij = F ·Rij . (2.26)
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Furthermore, the site energy which depends only on relative distances rij becomes a function of
the deformation gradient F and the lattice vectorsRij , that is,

Ei =
1

2

∑

j 6=i

φ(rij) =
1

2

∑

j 6=i

φ(‖F ·Rij‖) . (2.27)

Assuming that the energy of each atom is uniformly dis-
tributed over the volume V of its Voronoi polyhedron, an
important relation between the site energy (discrete atom-
istic quantity) and the strain energy density (continuum
quantity), which we were looking for is given by

W0(F ;X) =
Ei

V
=

1

2V

∑

j 6=i

φ(‖F ·Rij‖) . (2.28)

Figure 2.6: Voronoi polyhedron

2.3.2 Elastic constitutive law

The two-point second order tensor field, the Piola-Kirchhoff stress tensor Π t which results from
the derivative of the strain energy density has the physical meaning that its components are the
forces acting on the deformed configuration per unit undeformed area. In other words, they are
thought of as acting on the undeformed solid . Plugging (2.28) in to the expression in (2.21) yields
the corresponding constitutive law,

Π t =
∂W0(F ;X)

∂F
=

1

2V

∑

j 6=i

f ji ⊗Rij . (2.29)

Ultimately, the tangent operator takes the form

L =
1

2V

∑

j 6=i

kij ⊗ [Rij ⊗Rij ] (2.30)

with, kij as defined in (2.8) and [a⊗ b ]ijkl = [a ]ik [ b ]jl.

Referring to the expression in (2.26), the modulus of the spatial lattice vector rij may be computed
by appealing to the Cauchy-Green tensorC = F t · F as,

rij = ‖rij‖ =
√
Rij ·C ·Rij (2.31)
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or Green-Lagrange tensorE,

rij =
√

Rij ·Rij + 2Rij ·E ·Rij (2.32)

where the Green-Lagrange deformation tensor

E =
1

2
[F t · F − I] (2.33)

is a symmetric one-point tensor with the component representation

E =
1

2
[Cij − δij]Ei ⊗Ej (2.34)

In general, the deformation can not assumed to be uniform at scales approaching atomistic di-
mensions, even for infinitesimal deformations. However, in that case one can handle the problem
by recourse to averaging techniques such as homogenization. The coupling procedure introduces
atomistic degrees of freedom into expressions for the stored energy which modify the computed
constitutive properties to give better agreement with experimental results as desired.

For an orientation preserving deformation F , the material frame indifference property of the strain
energy density allow us to reduce the dependence of W0 on such F to a dependence only on the
corresponding stretch tensors as can be seen from the following observation. Any second order
tensor

F ∈ M
3×3
+ , where M

3×3
+ = {F ∈ M

3×3 : det(F ) > 0}
admits the polar decomposition, Gurtin(1983),

F = R ·U (2.35)

whereby R is proper orthogonal and U is the right stretch tensor which is symmetric and positive
definite. For this class of deformations, we have

W0(R
t · F ;X) = W0(R

t ·R ·U ;X)
= W0(U ;X)

and thus from the objectivity of W0 it follows that

W0(F ;X) = W0(U ;X)
= W0(C;X)
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2.4 Equilibrium equation

After an excursion to the direct atomistic modelling with the discussion restricted to classical lat-
tice statics settings and having reviewed the deformation and motion of a hyperelastic continua,
we took a glimpse at the coupling paradigm(see Knap, Ortiz(2001) among others) that is meant
to permit analysis of problems requiring simultaneous resolution of the continuum and atomistic
features and the associated deformation process by establishing a connection between the phe-
nomenological macroscopic energy density W0 and the atomic potential of interest by recourse to
the Cauchy-Born rule. With this at the background, we shall now proceed to formulate the relevant
equilibrium equation and subsequently the corresponding boundary value problem of interest.
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The set of spatial points x defines the configuration Bt with the boundary ∂Bt composed of Dirich-
let ∂Bu

t and Neumann ∂Bσ
t type, and the unknown u, i.e, the dependent variable u is a vector

valued displacement and in general it depends on x ∈ Bt. A basic assumption underlying our
formulation of equilibrium field equations is that a body is acted upon by a system of forces, a
distributed body force field per unit mass b and a force due to an external agent in the form of
surface traction t. These comprises the resultant force acting on the continuum body given by

F (Bt) =

∫

Bt

ρbdV +

∫

∂Bt

tda. (2.36)

The balance of linear momentum leads to
∫

Bt

ρbdV +

∫

∂Bt

tda =

∫

Bt

ρada. (2.37)

If inertial effects are neglected in the equilibrium equation (2.37) then the underlying problem
specification will change considerably and this is realized by employing quasistatic assumption
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which leads to zero acceleration field, consequently equation (2.37) reduces to
∫

Bt

ρbdV +

∫

∂Bt

tda = 0. (2.38)

Applying the Cauchy stress theorem t = σ ·n, we may write
∫

Bt

ρbdV +

∫

∂Bt

σ · nda = 0. (2.39)

Piola transformation facilitates the passage from σ toΠ t through

σ =
1

J
Π t · F t (2.40)

Using this, the expression in (2.39 ) can be written as
∫

Bt

ρbdV +

∫

∂Bt

1

J
[Π t · F t] · nda = 0. (2.41)

Nanson’s formula
nda = JF−t ·NdA

together with the volume ratio dV = JdV0 augmented with the relation between the reference and
current mass densities ρ = 1

J
ρ0 transforms equation (2.41) to

∫

B0

ρ0bdV0 +

∫

∂B0

Π t ·NdA = 0. (2.42)

Eventually, applying Divergence theorem to the surface integral in (2.42), the balance equation
further reduces to

∫

B0

ρ0bdV0 +

∫

B0

DivΠ tdV0 =

∫

B0

[ ρ0b+ DivΠ t ]dV0 = 0. (2.43)

Consequently, the local form (pointwise in B0) of the equilibrium equation is given by

DivΠ t + ρ0b = 0. (2.44)

In the absence of body forces we simply have

DivΠ t = 0. (2.45)
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2.4.1 Boundary value problem

Consider a hyperelastic continuum body with reference configuration B0. The total potential energy
of the crystal is given by

Etot =
∫

B0

W0(F ;X)dV0 −
∫

B0

ρ0b ·ϕdV0 −
∫

∂B0

T ·ϕdA (2.46)

Where W0 is the strain energy density that depends in general on the deformation gradient F and is
parameterized by reference placementX . The stable configuration of the crystal is identified with
the minimizers of the potential energy,

Etot −→ inf ! (2.47)

A necessary condition for the energy functional E tot to reach an extreme value is the stationary
condition in terms of vanishing first order variation,

δEtot(ϕ) = δ

∫

B0

W0(∇ϕ;X)dV0 − δ{
∫

B0

ρ0b ·ϕdV0 −
∫

∂B0

T ·ϕdA} = 0. (2.48)

The above expression (2.48) which is often called virtual displacement principle can also be ex-
pressed as,

∫

B0

∇FW0 : ∇XδϕdV0 −
∫

B0

ρ0b · δϕdV0 −
∫

∂B0

T · δϕdA = 0. (2.49)

Since

∇FW0 = Π t (2.50)

which is referred to as the elastic constitutive law, substituting this into (2.49) yields
∫

B0

Π t : ∇XδϕdV0 −
∫

B0

ρ0b · δϕdV0 −
∫

∂B0

T · δϕdA = 0. (2.51)

We recall, from the product property of vector differential calculus that

Div(δϕ ·Π t) = δϕ · DivΠ t +Π t : ∇X δϕ (2.52)

This leads us to write
∫

B0

Π t : ∇XδϕdV0 =

∫

B0

Div(δϕ ·Π t)dV0 −
∫

B0

δϕ · DivΠ tdV0 (2.53)

Plugging this into (2.51) we have,
∫

B0

Div(δϕ ·Π t)dV0 −
∫

B0

[δϕ · DivΠ t + ρ0b · δϕ]dV0 −
∫

∂B0

T · δϕdA = 0. (2.54)
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Next, employing Divergence theorem , we bring the integral from volume to surface
∫

B0

Div(δϕ ·Π t)dV0 =
∫

∂B0

δϕ ·Π t ·NdA (2.55)

Consequently, the expression in (2.54) reduces to
∫

B0

δϕ · [DivΠ t + ρ0b]dV0 −
∫

∂B0

δϕ · [Π t ·N − T ]dA = 0. (2.56)

Comparing the expressions in (2.56) with the local equilibrium equation (2.44) renders

T = Π t ·N on ∂B0. (2.57)

Subsequently we have the boundary value problem

DivΠ t + ρ0b = 0 in B0 (2.58)
T =Π t ·N on ∂B0

Consider now general boundary data, i.e. the case in which the boundary ∂B0 is subdivided into two
regions Γu

0 and Γσ
0 corresponding to Dirichlet and Neumann boundary data obeying the following

conditions

Γu
0 ∪ Γσ

0 = ∂B0 , Γu
0 ∩ Γσ

0 = ∅

Thus, if the continuum is subjected to boundary conditions of the mixed type, that is,

ϕ(X) = u0, ∀X ∈ Γu
0 and T =Π t ·N , ∀X ∈ Γσ

0 (2.59)

where the displacement boundary condition ensures the variational principle, because it is a con-
straint on the primary variable u and the space of trial functions. A trial function ϕ ∈ A , where

A = {ϕ|ϕ(X) ∈ H1(B0), ϕ(X) = u0 ∀X ∈ Γu
0} (2.60)

is called kinematically admissible and the set3 A constitutes the space of admissible deformations.
∫

∂B0

δϕ ·Π t ·NdA =

∫

Γu
0

δϕ ·Π t ·NdA+

∫

Γσ
0

δϕ ·Π t ·NdA (2.61)

But since δϕ =0 along the Dirichlet boundary, hence
∫

∂B0

δϕ ·Π t ·NdA =
∫

Γσ
0

δϕ ·Π t ·NdA (2.62)

Consequently, the boundary value problem (2.58) is recovered with the familiar Neumann type
boundary conditions

DivΠ t + ρ0b = 0, in B0 (2.63)

T = Π t ·N , on Γσ
0

3H1(B0) = W 1,2 = {ϕ ∈ L2 | ∂αϕ ∈ L2(B0), ∀α a multi-index with ‖α‖ ≤ 1 }
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2.4.2 Extremum variational principle for elastic continuum

Anyϕ that satisfies the virtual displacement principle (2.49) is an equilibrium solution and the per-
turbation of the potential energy ∆E tot around such an equilibrium configuration can be examined
to yield

∆Etot = Etot(ϕ + δϕ) − Etot(ϕ)

=

∫

B0

W0(∇ϕ+ ∇δϕ)dV0 −
∫

B0

W0(∇ϕ)dV0 −
∫

B0

ρ0b · δϕdV0 −
∫

Γσ
0

T · δϕdA (2.64)

Upon replacing the integrand in the first term on the right hand side of the above equation by its
second order Taylor approximation the whole expression reduces to

∆Etot =

∫

B0

∇FW0 : ∇δϕdV0 −
∫

B0

ρ0b · δϕdV0 −
∫

Γσ
0

T · δϕdA+

∫

B0

∇δϕ : L : ∇δϕdV0

= δEtot + δ2Etot. (2.65)

where L is a fourth order two point tensor defined symbolically by

L = ∇F ⊗Π t (2.66)

From equilibrium condition we have δE tot = 0, as a result of which we have

∆Etot = δ2Etot =

∫

B0

∇δϕ : L : ∇δϕdV0. (2.67)

And hence, with this and the condition of strong ellipticity requirement on L, we end up with the
following second order variational inequality,

∆Etot = δ2Etot > 0 (2.68)

This in turn implies that for all kinematically admissible deformations ϕ ∈ A the equilibrium so-
lution is a minimizer of the total potential energy of the crystal, as a result of this the corresponding
configuration of the crystal is said to be stable. The pointwise form of the second order variational
inequality which is given by

∇δϕ : L : ∇δϕ > 0 (2.69)
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characterizes the local phenomena. In the context of incremental elastic deformations, for a special
case of ∇δϕ the expression in (2.69) reduces to

m⊗N : L :m⊗N > 0, ∀m⊗N 6= 0 (2.70)

where m is an Eulerian and N is a Lagrangean tensor. But then, in view of the monograph by
Ogden(1984) this allows interpretation connected to classification of the underlying equilibrium
equations as elliptic systems where the use of the term is in accordance with the usual terminology
of the theory of partial differential equations (Ellipticity will be revisited in chapter 4). In other
words, among all kinematically admissible deformation fields which are also statically admissible
there is a deformation ϕ̃ such that

Etot(ϕ̃) ≤ Etot(ϕ), ∀ϕ ∈ A (2.71)

The principle of minimum potential energy then reads as

Etot(ϕ̃) = inf
ϕ∈A

Etot(ϕ) (2.72)

2.4.3 Localized convexity

In general, the strain energy density as a function of atomic positions can never be convex, see
Appendix C for a quick survey. In this part, we shall see under what conditions one may speak
about convexity of such densities. Essentially we shall establish sufficient condition for local con-
vexity of the strain energy density W0. To this end, if ϕ and ϕ′ are two kinematically admissible
deformations with corresponding deformation gradientsF ,F ′, nominal stressesΠ t,Π t′ and body
forces b, b’ respectively, then (2.49) leads to

∫

B0

[Π t′ −Π t] : [δF ′ − δF ]dV0 =
∫

B0

ρ0[b
′ − b].[δϕ′ − δϕ]dV0 (2.73)

+
∫

Γσ
0

[T ′ − T ].[δϕ′ − δϕ]dV0.

If, in particular the body force is independent of ϕ and there is a dead load surface traction, the
two integrals on the right hand side are identically zero, it then follows that
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∫

B0

[Π t′ −Π t] : [δF ′ − δF ]dV0 = 0 (2.74)

and the corresponding local form is given by

[Π t′ −Π t] : δ[F ′ − F ] = 0 (2.75)

for all variations of F ′ − F leading to

Π t′ : δ[F ′ − F ] =Π t : δ[F ′ − F ]. (2.76)

Now, if we assume that F ′ arises due to a small perturbation of F , on the one hand we can write

W0(F
′) = W0(F ) +Π t : δ[F ′ − F ] (2.77)

and on the other hand from the first order Taylor approximation of W0 about F we have

W0(F
′) = W0(F ) +Π t : [F ′ − F ]. (2.78)
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Figure 2.8: Local (infinitesimal) convexity of W0

Since the characterization (2.75) is a pointwise condition, furthermore, W0(F ) +Π t : δ[F ′ − F ]
corresponds to a point on a hyperplane (tangent), thus, for a homogeneous stress field in the context
of linearized theory superimposed on finite deformation the inequality
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W0(F
′) − W0(F ) −Π t : δ[F ′ − F ] > 0 (2.79)

has the meaning that in an infinitesimal neighborhood of the equilibrium deformation the epigraph
of the elastic stored energy density W0 lies above the hyperplane (see figure 2.8). Evidently, for
hyperelastic material with strain energy density W0 , this states that W0 is strictly convex scalar
function in an infinitesimal neighborhood of the equilibrium deformation F (cf. Ogden(1984) Sec.
6.2.2). Consequently, we state the sufficient condition for local (infinitesimal) convexity as

A strain energy density W0 of a hyperelastic continuum, which is assumed
to be a scalar valued C2(B0) function is said to be infinitesimally convex

provided that W0(F
′) − W0(F ) −Π t : δ[F ′ − F ] > 0 .

2.5 Numerical investigation

The coupled model developed thus far is used to simulate an edge-crack in a rectangular specimen
under tension. Uniform external loading is applied on the boundary of the specimen and the mate-
rial is assumed to be homogeneous. As long as we are restricted to the quasistatic fracture problem,
it is natural to presume that the initial state of the body is stable where the notion of stabilizer we
employ here is that of a minimizer, i.e. the deformation ϕ of a body is said to be stable if it mini-
mizes the total energy functional in the class of admissible deformations.
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Figure 2.9: Model geometry of a homogeneous material with initial crack and loading conditions
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In the context of standard finite element discretization procedures, the specimen is partitioned into
constant-strain triangular elements with the crack aligned between elements such that the tip coin-
cides with an element node. Furthermore, a one-point integration rule is used with the quadrature
point made to coincide with the element centroid (see figure 2.10).

���
���
���
���

PSfrag replacements

Gauss Point
FE node / Lattice atom

Figure 2.10: Schematic of Continuum-Atomistics

The deformation in the continuum is represented by the displacement at the element nodes and the
nodal displacements are obtained by minimizing the total energy of the system subject to linear
boundary conditions. Employing the expression given in (2.28), the strain energy density of each
element is evaluated at quadrature point. Consequently, the element energy is obtained directly
from an atomistic crystal computation, and for the purpose of this lattice based computation we
attach the continuum to an imagined underlying crystal lattice as shown in figure 2.10 and then
for each element we select an atom from the lattice which is closest or possibly coincides with the
element centroid to serve as a representative atom. The energy of the selected atom is computed
by considering a lattice of neighbors lying within a circle of radius rc (cut-off circle).

2.5.1 Continuum deformation and crystallite

The energy extracted from atomistics (employing 2.28) is incorporated into the elastic constitutive
law as described by the expression in (2.29). Since the constitutive equation as it stands in (2.29)
defines a two-point tensor, for the solution strategy one may replace it by either its push-forward
or pull-back depending on which configuration (reference or current) the problem is intended to be
solved. In view of this, for the implementation of the boundary value problem (2.63) we use the
push-forward of the constitutive equation (2.29) which renders the following expression

σt =
1

2V

∑

j 6=i

φ′

rij
rij ⊗ rij. (2.80)
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Herein rij = F · Rij is the lattice vector deformed according to the local deformation gradient
F which is induced to the underlying lattice at each Gauss point that coincides with the element
centroid in the finite element triangulation.
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Figure 2.11: Finite element discretization of continuum with crack

In the computation of the stress tensor (2.80) or generally in the process of extracting element en-
ergy from atomistics, the interatomic separation which is essentially the length of the lattice vector
in the deformed crystallite is computed by using the Cauchy-Born rule. Thus, based on the im-
plementation of the boundary value problem formulated in (2.63), this section is devoted to the
investigation of the Cauchy-Born rule.

Since this rule (2.26) states that crystal vectors deform in accordance with the local deformation
gradient, the crystallite which represents an assumed collection of atoms which is attached to the
continuum is distorted according to the local continuum deformation field F at the corresponding
quadrature point of each element. For the one-point integration rule the quadrature point coincides
with the element centroid and hence the continuum deformation is elaborated to the underlying
crystal lattice at the element centroid.

In what follows, the boundary value problem (2.63) is subjected to uniform loading on the upper
boundary. Zero displacement boundary conditions are applied on the lower boundary as indicated
in figure 2.11. Subsequently, the crystal lattice in the deformed configuration is visualized and
compared for those elements with node coincident with the crack tip (see figure 2.11).
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In the finite element solution process, the continuum with crack (see figure 2.9) which is discretized
into elements is subjected to uniform loading and zero displacement boundary condition is applied
as shown in figure 2.11. Related to this opening-mode crack problem, figure 2.12 shows the de-
formed lattice corresponding to those elements with a common node coincident with the crack tip
resulting from the computation based on the Cauchy-Born rule.

15

19 20

23
24

27

Figure 2.12: Deformed lattice and elements with node coincident with crack tip
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The next figure is meant to give a perspective on the comparison of reference and deformed lattice
for those elements with a node coincident with the crack tip as displayed in figure 2.12. For
the atomistic based computation of energy, we attached an infinite lattice with identical atoms to
the continuum. Consequently, the structure of the undeformed lattice included in the cut-off circle
corresponding to each element in the discretization is the same. Based on this idea, the undeformed
lattice corresponding to those elements with a common node at the crack tip is displayed at the
center in figure 2.13. The non-center lattices visualized in the figure are the deformed lattices for
the elements corresponding to the numbers indicated.

o
6 7

/
? w
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�

�

23 2427

19 15 20

Figure 2.13: Comparison of reference and deformed lattices for the six elements with the common
node at the crack tip

In what follows we elaborate the results of the computation as based on the Cauchy-Born rule for
different orientations of the crystallite. We considered four different orientations of the crystal
lattice resulting from rotation of the original lattice counterclockwise through angles with measure
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00, 150, 300 and 450, respectively. Each column of figure 2.14 corresponds to a rotation through a
fixed angle and contains the reference and the deformed lattices computed employing the Cauchy-
Born rule for each of the elements represented by the numbers indicated. Taking only one column
at a time leads to comparison of the deformed lattices associated to each of the six elements and
the corresponding undeformed lattice for a fixed rotation angle. Traversing along a row allows
comparison of deformed lattices for different rotation angles but fixed element.
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Figure 2.14: Comparison of deformed and reference lattice corresponding to rotation of a crystallite
through 00, 150, 300 and 450 angles, for the six elements with common node at the crack tip
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CHAPTER3
The Cauchy-Born rule and crystal elasticity

The unleashed power of the atom has
changed everything save our modes of

thinking and we thus drift toward unparalleled
catastrophe.

Albert Einstein,
Telegram, 24 May 1946

The Cauchy-Born rule is essentially a homogenization postulate in lattice kinematics and serves as
a bridge establishing the link between atomistic process and continuum mechanics with the link to
the continuum being the deformation gradient F . In order to compute the strain energy density of
a hyperelastic material from the interatomic potentials, a key ingredient is the Cauchy-Born rule,
simply called Born rule (following Ericksen and Zanzotto). This essential but classical rule states
that the crystal vectors defined by two nuclei deform in accordance with the local deformation
gradient. The resulting local hyperelastic model describes the crystal behavior reasonably accurate
as long as the continuum deformation is nearly homogeneous in the scale of the crystal vectors.
The major restriction of the Cauchy-Born rule is that the continuum deformation needs to be ho-
mogeneous. This results from the fact that the underlying atomic system is deformed according
to the continuum deformation gradient. In addition to the extraction of elastic material tensors,
these models have been used in conjunction with finite element method to solve boundary value
problems. In this section we will revisit the Cauchy-Born rule in a bit wider perspective.

3.1 Atomic lattice model

Consider a lattice generated by basis vectors {ai | i = 1, 2, 3}, the coordinates of an atom in the
reference lattice is given by

R(l) =
∑

i

`iai (3.1)
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where l = (`1, `2, `3) ∈ L ⊂ Z
3 is the lattice coordinate of an atom relative to this basis, a1 , a2, a3

are linearly independent lattice elements (vectors) such that ||a1|| = ||a2|| = ||a3|| = r0, lattice
constant. In this model all lattice atoms are considered to be identical, i.e. we will be dealing with
monatomic crystal lattice and only pairwise interaction is included in the definition of the potential
energy. Furthermore, the structure is basis invariant, that is to say, the same lattice is generated by
any two distinct bases

B = {ai | i = 1, 2, 3} and B̂ = {âi | i = 1, 2, 3}

as detailed in the Appendix A.
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Figure 3.1: Two-dimensional lattice generated by bases B = {a1,a2} and B̂ = {â1, â2}

If L = {R(l) | l ∈ L } is the collection of lattice sites occupied by the atoms, we specify a finite
lattice in the reference configuration by

Bo = L ∩ ΩL with Ω ⊂ R3 bounded, ΩL = {LX |X ∈ Ω, L a positive constant}.
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Figure 3.2: Two-dimensional domain Ω, its stretch ΩL and finite lattice B0
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The deformation of the lattice is given by a discrete nonlinear map

ϕ : Bo 7−→ R3.

Consequently, the total internal energy of the deformed lattice (following a suitable labeling) is
described by the expression

Eint[{ϕ(Ri)}|Ri ∈ Bo] =
1

2

∑

i

∑

j 6=i

φ(||ϕ(Ri) − ϕ(Rj)||) (3.2)

and the corresponding volume averaged lattice energy is given by

Eint

VL

=
1

2VL

∑

i

∑

j 6=i

φ(||ϕ(Ri) − ϕ(Rj)||), where VL = volume of ΩL. (3.3)

The model satisfies the principle of material frame indifference or objectivity, i.e. for any tensor
Q ∈ SO(3),

Eint[{ϕ(Ri)}|Ri ∈ B0] = Eint[{Q ·ϕ(Ri)}|Ri ∈ B0] (3.4)

where SO(3) denotes the set of orthogonal rotation tensors with determinant 1.

3.1.1 Energy minimization

In this part we aim at studying the property of volume averaged total energy of the lattice given by
the expression in (3.3), thus, our goal is to describe the behavior of the optimization problem

Eint

VL

7−→ min
ϕ

! (3.5)

with appropriate boundary conditions for various values of L. Here, the problem we are facing is
two fold. First, determining the configuration of minimum potential energy of a cluster of iden-
tical atoms for a characteristic lengths L and then the description of variational limits of discrete
lattice systems, i.e. asymptotic analysis of the resulting optimal configurations. An optimum (a
minimizing) configuration is defined as the solution of the optimization problem

min
ϕ∈A

Eint

VL
:= WΩL

(F ). (3.6)

Since prescribing a homogeneous deformation on the atomic system amounts to prescribing the
average (macroscopic) deformation gradient, this is therefore nothing but extracting the continuum-
mechanical stored energy function from the atomistic model. In view of this, our chief objective
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in describing the optimization problem (3.6) is to study the elastostatic response of the lattice to a
prescribed deformation which leads to state the principle of minimum potential energy applied to
the volume averaged quantity as follows

Etot

VL
=
Eint

VL
+
Eext

VL
7−→ min!

ϕ
(3.7)

The stationary points of (3.7) can be extracted from the corresponding variational problem. Thus,
given a characteristic length L, the first variation of the volume averaged total potential energy is
given by

δ(Etot) = 0. (3.8)

This leads to local equilibrium at lattice atoms

f i(rij |Ri,Rj ∈ B0) = 0 (3.9)

rij = ri − rj, ri = ϕ(Ri)

whereby f i, the force acting on a lattice atom i due to its interaction with the rest of the members
in the aggregate is given explicitly by

f i =
∑

j 6=i

f ij (3.10)

and the constitutive law of classical lattice statics is provided by

f ij = − φ′
rij
rij. (3.11)

The atomic level stiffness that constitutes a symmetric system stiffness matrix is given by

kij = − ∂2Etot

∂rj ⊗ ∂ri
(3.12)

In the subsection that follows, this stiffness matrix is used to compute the equilibrium energy per
volume of a finite lattice implemented in the framework of lattice statics.
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3.1.2 Lattice statics and equilibrium

The local equilibrium condition at each lattice atom requires that

−∂E
tot

∂ri
= f i(rij : j ∈ {1, 2, .., N} \ {i}) = 0, i = 1, 2, ..., N (3.13)

where N is the total number of atoms that make up the finite lattice.

We want to find a configuration corresponding to (3.13), and hence we solve the equilibrium equa-
tion (3.13) in the vicinity of an initial estimate {r0

i : i = 1, 2, ..., N}. To this end, linearizing (3.13)
around this ansatz leads to

f i = f 0
i +

∂f i

∂ri
· [ri − r0

i ] +
∑

j 6=i

∂f i

∂rj
· [rj − r0

j ] (3.14)

= f0
i + k0

ii · [ri − r0
i ] +

∑

j 6=i

k0
ij · [rj − r0

j ]

Since k0
ii = −∑

j 6=i

k0
ij we have

f i = f 0
i +

∑

j 6=i

k0
ij · [(rj − r0

j) − (ri − r0
i )] (3.15)

where,
f 0

i = f i(r
0
ij : j ∈ {1, 2, .., N} \ {i})

f i = f i(rij : j ∈ {1, 2, .., N} \ {i})

k0
ij =

∂f i

∂rj

(
r0

ij : j ∈ {1, 2, .., N} \ {i}
)

and the out-of-balance force is given by

f = {f i}N
i=1

Setting ui = ri − r0
i , the governing equation of lattice statics is expressed as

∑

j 6=i

k0
ij · [uj − ui] = −f 0

i , i = 1, 2, ..., N (3.16)

The equilibrium configuration can be obtained by solving (3.16). However, from the view point of
implementation it is better to solve governing equation of lattice statics that explicitly involve the
diagonal component of the stiffness matrix as follows

k0
ii · [ri − r0

i ] +
∑

j 6=i

k0
ij · [rj − r0

j ] = −f 0
i (3.17)
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The harmonic lattice statics equation (3.17) is evaluated with zero displacement boundary condition
for a finite lattice consisting of 15 atomic rows with the first row consisting of 18 atoms the second
row 19 atoms, that way alternating between 18 and 19 atoms so as to mimic the pattern of the atoms
in a (111)-plane of fcc type crystal.
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Figure 3.3: Energy per volume of the ground state

The lattice constant is taken to be 0.286nm, the values of the parameters of Lennard Jones inter-
action potential used are σ = 0.1699, ε = 0.2573 and utilizing these the total internal energy per
volume of the lattice at the ground state is computed. Accordingly, for simple shear deformation,
figure 3.3 shows plot of the resulting energy per volume of equilibrium configuration versus shear
number.

3.2 Discrete minimizers

In the preceeding subsection we solved discrete lattice statics problem and observed the behavior
of the volume averaged total internal energy of the atomic system. In this part we shall investigate
the behavior of such energy per volume of the ground state for increasing system size. With this in
mind, we consider finite lattice of the type shown in figure 3.2 with four different sizes, i.e. we take
lattice consisting different number of atoms and solve the harmonic lattice statics equation given
in (3.17) for each size listed in the next table.
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Lattice Number of atomic rows Number of atoms per row
1 9 11 resp. 10
2 11 16 resp. 17
3 15 18 resp. 19
4 17 19 resp. 20

Table 3.1: Finite lattice of different size

Since our aim is to study the effect of system size on the behavior of volume averaged energy of
the lattice, we use the same lattice spacing and the same values for the parameters of the interaction
potential as used in the preceeding subsection. Basically, the procedure of taking finite sized lattice
might be understood as starting from the center of an infinite lattice, taking a finite portion and
then proceeding from the same center to get the next finite lattice unequal to the previous. Once
the lattice size and hence the number of atoms1 in the lattice is determined, the minimum energy
configuration is obtained from the solution of governing equilibrium equation (3.17) and the next
task is computing energy per volume corresponding to that size. In line with this, figure 3.4 shows
plot of energy per volume of the ground state against shear number for each of the four lattice sizes
given in the above table 3.1.
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Figure 3.4: Energy per volume /vs Shear number

It can be seen from this result that, the volume averaged equilibrium energy for the different sized
lattices show similar oscillatory behavior with the same period. For a better understanding of the
result visualized in figure 3.4 and see the difference between energies resulting from different lat-

111 resp.10 is meant to say 11 respectively 10 and corresponds to a row that alternates between 11 and 10 atoms
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tice sizes, figure 3.5 gives a closer look at the result in the vicinity of a maximum and minimum
point on the plot of energy per volume.
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Figure 3.5: Comparison of energy per volume /vs Shear number at a peak and valley

3.2.1 Asymptotic behavior

In this investigation of increasing lattice size in connection with energy per volume of the ground
state, the discrete minimizers tend to converge to minimizers of a limiting continuum theory defined
on an appropriate space of functions, i.e. suitable Sobolev space whereby the feasible candidate
for the limiting energy functional is given by

EM(F ) =

∫

Ω

W0(F ;X)dX (3.18)

with the strain energy density W0(F ; X) arising from the Cauchy-Born rule and the deformation
gradient F resulting from the underlying homogeneous deformation map.

A homogeneous deformation of a body from its reference configuration B0 is a transformation,

X 7−→ F ·X + c , X ∈ B0 (3.19)

where the vector c representing a grid translation of the whole body and the second order tensor F
(the deformation gradient) are independent of the reference lattice placementX .

In an effort to study the effect of system size on energetic behavior of the system, the finite lattices
considered in table 3.1 and the corresponding volume averaged energy compared in figure 3.4 gave
us a clear idea as to what the consequences of increasing characteristic length might be, i.e. what
happens to the volume averaged energy of the ground state as the the system size gets larger. Based
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on this observation, for the description of the asymptotic behavior of equilibrium lattice energy per
volume we adopt the following notation, with WΩL

as described in (3.6)

lim
L 7−→∞

WΩL
(F ) := W (F ) (3.20)

Referring to Friesecke et al.(2002) for the proof of existence of the above limit, in the process of
linking such lattice based computation to a point of continuum, since one prescribes the atomic
positions in the underlying lattice through application of the local deformation gradient following
the Cauchy-Born rule, the asymptotic limit of the resulting Cauchy-Born state is given by

lim
L 7−→∞

Eint[{F ·Ri}|Ri ∈ B0]

VL

:= WCB(F ) (3.21)

Thus, to determine an elastic response of a continuum with particular atomic structure based on
discrete lattice statics computation, one can compute the change in the energy per volume of the
crystallite by employing (3.21) where F is the deformation gradient at a given point of the con-
tinuum. In particular, if the deformation is homogeneous of the type given in (3.19), since it is an
affine transformation of the whole lattice that does not affect individual interatomic distances, the
asymptotic limits (3.20) and (3.21) are identical.

3.3 Energy decomposition

In what follows, we shall give an asymptotic formulation of the volume averaged internal energy
based on the decomposition of energy into bulk and surface part. To this end, we shall make
distinction between member atoms. A lattice atom j is said to be in the bulk, if the corresponding
reference placement Rj ∈ L0 = {Ri|Ri ∈ L &Ri is center of a unit cell} and on the surface
otherwise. We decompose the total internal energy of the lattice into bulk and surface part as

Eint = Eb + Es

=
1

2

∑

i
Ri∈L0

∑

j 6=i

φ(||ϕ(Ri) − ϕ(Rj)||) +
1

2

∑

i

Ri∈L\L0

∑

j 6=i

φ(||ϕ(Ri) − ϕ(Rj)||) (3.22)

The volume contribution of a surface atom to the volume VL of the region ΩL is at most 2
3
Vi where

Vi is that of the ith atom in the bulk, furthermore the surface energy shows a linear relation with
characteristic length L and hence doesn’t contribute to the limit. Thus, for sufficiently large L
expressing the volume VL of the region ΩL in terms of the volume of the Voronoi polyhedrons of
member lattice atoms we may express the volume averaged lattice energy as a function of lattice
parameter r0 as follows,

W0 =
1√
3r2

0

∑

i
Ri∈L0

∑

j 6=i

φ(||ϕ(Ri) − ϕ(Rj)||) (3.23)

In the above formulation of energy density, the type of interaction taken into account is long-range
interaction. Though it is not covered herein, it is also interesting to consider only nearest neighbor
interactions, however in that case one has to introduce the notion of interfacial energy.
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3.3.1 Validity and failure of the Cauchy-Born rule

This part is intended to visit a version of the Cauchy-Born hypothesis for monatomic crystals,
which states that all atoms in a lattice consisting of identical atoms will follow a small linear
displacement prescribed on the boundary. We study this hypothesis for finite lattice (as described
in section 3.1) from the standpoint of energetics of the system. Since optimal energy of the atomic
system will be obtained from the solution of constrained optimization problem given by

min
ϕ∈A

ϕ
∣
∣
R∈∂B0

= F ·R

1

2

∑

i

∑

j 6=i

φ(||ϕ(Ri) − ϕ(Rj)||) (3.24)

and from the Cauchy-Born hypotheses, we know that minimum in (3.24) is attained when each
lattice atom individually follows the prescribed deformation on the boundary, by this hypothesis
therefore, the resulting optimal configuration should be unique, i.e. the corresponding deformation
should be a unique minimizer. In this case, the optimal configuration (3.24) coincides with the
Cauchy-Born state, consequently we have the next identity

min
ϕ∈A

ϕ
∣
∣
R∈∂B0

=F ·R

1

2

∑

i

∑

j 6=i

φ(||ϕ(Ri) − ϕ(Rj)||) =
1

2

∑

i

∑

j 6=i

φ(||F ·Ri − F ·Rj)||) (3.25)

An obvious question that one may pose at this point is the magnitude of deformation, i.e. for how
large a magnitude a given deformation satisfies the identity in (3.25). This is a question of stability
where by a stable configuration we mean minimum energy configuration of the system. In what
follows, we implement the optimization problem (3.24) for the first finite lattice given in table 3.1
employing this version of the Cauchy-Born hypothesis within the confines of lattice statics, i.e. we
proceed to solve the harmonic lattice statics equation (3.17) for the lattice in figure 3.6 and compute
the minimum energy state of the system subjected to linear deformation prescribed on boundary A,
zero displacement boundary condition on boundary B, periodic boundary condition on boundaries
C and D (as marked in figure 3.6) and all the non-boundary atoms are allowed to be free except for
the interaction through the interatomic potential (Lennard Jones).

A

B

C D

Figure 3.6: Finite lattice subject to linear deformation on boundary A
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Thus, for a stereotype linear deformation simple shear applied on boundary A, the governing equa-
tion of harmonic lattice statics (3.17) solved in this context continues to render solution for some
deformations and eventually the process of iteration runs into trouble after some load steps, i.e.
gradually the stiffness matrix becomes rank-deficit and the method fails to solve the problem. This
failure reflected in the rank of iteration matrix through deficiency can be explained in terms of the
condition number. If we consider the situation before failure, the condition number of the iteration
matrix as a function of shear number shows the behavior depicted in the next figure.

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016
0.4

0.6

0.8

1

1.2

1.4

1.6

1.8
x 10

4

Shear number

C
on

di
tio

n 
nu

m
be

r

Figure 3.7: Condition number of the stiffness matrix /vs shear number before failure

This figure which shows the plot of condition number versus shear number before failure occurs in
the iteration process, suggests that however we get equilibrium solution of the lattice statics equa-
tion the degree of accuracy of the solution deteriorates with increasing magnitude of deformation.
In other words, one can say that the Cauchy-Born rule is valid for such small deformations in such
a way that the degree of precision decreases with increasing magnitude of deformation.

Intending to see the scenario after failure we continue the iteration process, i.e. we proceed with
our investigation of the condition number as a function of deformation and hence the Cauchy-Born
hypothesis. In view of this, the next result gives further demonstration of the effect of increasing
magnitude of deformation in the iterative solution procedure that leads to an ill-conditioned matrix
beginning by a warning when using the iterative solver stating that the stiffness matrix may be rank
deficient.
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Figure 3.8: Condition number of the stiffness matrix /vs shear number

In this figure the portion of the plot until 0.018 value of the shear number corresponds to the
case in which the iterative procedure provides solution with variable degree of accuracy. For a
shear number a bit larger than 0.018 the solver sends warning message displaying the reciprocal
condition estimator of the iteration matrix which is very close to 0, signaling that the matrix is close
to singular and the result might be inaccurate. The portion of the plot beyond 0.018 shear number
which shows an abrupt increase in the condition number corresponds to this situation. Thus, the
value of deformation with shear number larger than 0.018 leads to instability of the system resulting
in the formation of stacking fault whereby the atomic layer on the boundary that is subjected to
deformation slide undeformed over the adjacent layer of atoms by non lattice translation. This
failure is the effect of an overly severe deformation applied on the boundary atoms which is caused
by the application of the Cauchy-Born hypothesis. Thus, models based on the Cauchy-Born rule
makes sense for deformation with reasonably small magnitude such that the plastic limit won’t be
exceeded.

3.4 Unit cell of hexagonal lattice

In describing lattice structure one has to distinguish between the pattern of repetition (the lattice
type) and what is repeated (the unit cell). Such a distinction begins with the observation that the
atoms in a crystal are in a regular repeating pattern. The two important(among others) conse-
quences of this repetition are the fundamental properties of crystal lattice, namely, symmetry and
periodicity. These properties dictate the lattice to have a profound influence on the behavior of
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a material. Based on the idea that a crystal is a repeating array, we may consider a crystal as a
collection of identical unit cells stacked to fill the surface with the interatomic attractions taking
the responsibility of cohesion. Indeed, interatomic forces are the reasons for the formation of crys-
tals, since they are responsible for binding together. We consider a unit cell of hexagonal type and
proceed to investigate the Cauchy-Born rule applied to the resulting lattice.
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Figure 3.9: Hexagonal lattice created by stacking the unit cell

3.4.1 The Cauchy-Born rule and Lennard Jones potential

Thus far, except for examples our formulation was for any pair potential, here in this part we con-
centrate on the Lennard Jones potential and try to examine the Cauchy-Born rule. We commence
by introducing the notion of unit cell for hexagonal lattice. Our discussion from hereon is confined
to a configuration space of a lattice with a hexagonal unit cell. Here, we observe that any two unit
cells have exactly two lattice atoms in common and this two atoms determine the corresponding
interface.

               

Figure 3.10: Unit cell of a hexagonal lattice and initial lattice depicting interface

The formulation in (3.25), like all lattice models makes physical sense for deformations ϕ whose
modulus does not exceed the plastic limit. Thus, in what follows we shall show the condition under
which the Cauchy-Born hypothesis holds true. To this end, we define a dimensionless parameter β
as follows,

β =
M

ro
where M := max{rij | j = 1, 2, ..., 6} (3.26)
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A closer look at the graph of Lennard Jones potential reveals that there is an inflection point at a
separation (26/7)1/6 σ that corresponds to the maximum attractive force.

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
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 i  j

 i  j

 i  j

r

φ

Inflection Point

Figure 3.11: Schematic of atomic orbitals and Lennard Jones potential. The cohesive forces be-
tween atoms rise and fall on the scale of atomic separations with the minimum position correspond-
ing to situation in which the orbitals are arbitrarily close while the overlap of orbitals is ruled out
as impossible by Pauli exclusion principle.

Let us consider the parameter region from σ to the inflection point, and suppose that M lies in this
region

σ < M < (26/7)1/6 σ

This leads to the following inequality

σ

r0
<
M

r0
<

(26/7)1/6 σ

r0

and in turn this implies that
(1/2)1/6 < β < (13/7)1/6

It is plain to see that in this parameter region W0(F ) = WCB(F ). Hence validity of the Cauchy-
Born rule, i.e. the minimization problem (3.6) has a unique solution for each finite lattice L. In
particular, the case β = 1 corresponds to the deformation F = I , representing the hexagonal equi-
librium state. The other parameter region, 0 < β < (1/2)1/6 corresponds to abrupt increase of
internal energy to unfavorable large positive value that leads to instability2. In the third parameter

2The physical origin is related to Pauli Principle
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region where β > (13/7)1/6, a lattice atom almost doesn’t feel the presence of other atom leading
to de-cohesion of the system and hence resulting in the collapse of lattice. Evidently, in this region
the magnitude of deformation exceeds the plastic limit beyond which dislocations are initiated.

In what follows we shall pursue a numerical experiment pertaining to this discussion. A one pa-
rameter family of deformations, the simple shear is described by the deformation gradient

F = I + γe1 ⊗ e2 (3.27)

with I the identity tensor, γ the shear number and ei, i = 1, 2 Cartesian basis vectors. Assume
that the hexagonal lattice is subjected to shearing deformation characterized by the deformation
gradient given in the expression (3.27). In the process of deformation, atomic planes slip relative
to one another as a result of which the interatomic separation between atoms in different planes
change while the distance between those on the same plane remains unchanged (see figure 3.18a-
c). Furthermore, by the construction of the hexagonal lattice, i.e. from the stacking arrangements
of the unit cell, the volume averaged energy W0 is periodic in γ with the period p = b/d, where
the scalar “b” is the magnitude of the translation vector and the quantity d is the distance between
adjacent crystallographic planes with its value given in terms of lattice parameter by d = (

√
3/2)r0.

Our aim is to keep track of the interaction between lattice atoms, in particular we consider the
interaction between atoms of a unit cell residing in different planes. To this end, we consider a
lattice-angle3 formed by lattice atoms of a unit cell in the model case of 2D as visualized in the
next figure
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Figure 3.12: Bond-angle of a hexagonal unit cell in 2D

and consider an angle θ given by the expression

θ = Π − α. (3.28)

where Π is the measure of a straight angle in units of radians. Since α can be expressed in terms
of interatomic distances,

α = acos

(
rik · rik + rjk · rjk − rij · rij

||rik||||rjk||

)

(3.29)

3A hexagonal lattice also called an equilateral triangular lattice in 2D is described by either ||a1|| = ||a2||, θ = 1200

or ||a1|| = ||a2||, θ = 600 where a1 and a2 are lattice basis vectors and θ is lattice angle.
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therefore, it is a function of the associated deformation gradient through the relation given in (2.26).
Thus, in particular for shear deformation the angle θ is a function of the shear number γ. Finally,
implementing the governing equation (3.17) for the finite lattice with 9 atomic rows composed of
13/12/13... atoms per row, the computation of the secondary variable θ is made for the atom which
is at the center of the lattice and the next result is obtained.

0 2 4 6 8
0

0.5

1

1.5

2

2.5

Shear Number

θ

Figure 3.13: Measure of angle θ /vs shear number

The computational result in figure 3.13 shows that for large values of γ the measure of angle θ is
getting closer to 0 radians implying that α is approaching straight angle which will be the case
only if either the three lattice atoms are collinear or two of the lattice atoms residing on the same
slip plane can no more be seen as distinct from the position of the third lattice atom. But since the
lattice atoms forming vertices of lattice-angles lie in parallel slip planes, they can not be collinear
and hence it means that the lattice atom at the center of the unit cell does not distinguish between the
two atoms on the neighboring plane for large values of shear number. The interpretation associated
with this is that the deformation is getting overly severe, from which we infer that the Cauchy-Born
rule is not valid for large deformations.

3.5 Convex approximation of the potential

Central interaction potentials (Morse, Stillinger-Weber, Buckingham, Harmonic, Lennard Jones,
etc) used to simulate atomic potential energy for a cluster of atoms and interaction forces between
atoms have common features. A property common to all models based on these analytic potentials
is the resemblance of the series(Taylor) expansion of the energy as a function of atomic positions.
Pair potentials specially those defined by analytic formulae share common cut-off radii. Due to
this, there are circumstances whereby such potentials can suitably be switched from one to another
or even be combined within the confines of the range in which they are active. Since the harmonic
potential is active for any pair of atom types for which both the cut-off radius rc and the spring

54



constant k are positive, it can then replace any other pair potential that might be active in the same
sense, but then only the spring constant k has to be specified. The Lennard-Jones potential is active
for any pair of atom types for which both the cut-off radius rc and the parameter ε are positive.
Therefore, it is eligible for switching to harmonic potential.

3.5.1 Harmonic approximation of the interaction potential

In the Cauchy-Born parameter region it is often useful to approximate the Lennard Jones potential
by a shifted Harmonic potential

−

φ(rij) =
−

φ0 +
1

2
k(rij − r0)

2 (3.30)
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Figure 3.14: Lennard Jones potential and the Harmonic potential

The function given by the expression in (3.30) is the simplest convex approximation to the Lennard

Jones potential and the fact that its minimum coincides with the potential well allows
−

φ0 to take-on
the value -ε. Furthermore, second order Taylor expansion of Lennard Jones potential around the
equilibrium separation r0 and subsequent comparison of the resulting expression with the one in
(3.30) yields the value of the constant k which is 72ε

r2
0

. Recalling the relation between lattice con-

stant r0 and the Lennard Jones parameter σ, that is, r0 = 2
1

6σ leads to further simplification, k =
72ε

σ221/3 = 57.15 ε
σ2 , thereby rendering the force constant of the harmonic potential in terms of the

parameters ε and σ of the Lennard Jones potential.

Having established this relation between the parameters of the two potentials, our objective is to
solve the harmonic lattice statics equation (3.17) in the parameter region where switching between
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Lennard Jones and harmonic potential is possible. To this end, we take a finite lattice consisting
of 9 atomic rows with the rows consisting of either 13 or 12 atoms that follows the alternating pat-
tern 13/12/13/12/13/12/13/12/13 between 13 and 12 atoms per row. With the focus on qualitative
behavior, for the Lennard Jones potential the parameter values were taken to be σ = 0.1699, ε =
0.2573 and the corresponding parameter of harmonic potential is computed from this values. Load
and boundary conditions are applied to the specified finite lattice in the same spirit as in section
3.3.1, accordingly for simple shear deformation, the deformed positions of atomic nuclei obtained
by employing the two potentials one after the other are visualized and compared in figure 3.16.

Figure 3.15: Reference configuration

Lennard J Harmonic

Figure 3.16: Deformed configuration

3.6 From unit cell to lattice

As mentioned in section 3.5, lattice structures can be considered as stacking arrangements4 (nets)
of unit cells. In view of this, the honeycomb like structure shown in figure 3.17 represents lattice
generated by a hexagonal unit cell. Henceforth we refer to such lattice as hexagonal lattice.

3.6.1 Hexagonal lattice and the Cauchy-Born rule

Here, we revisit the Cauchy-Born rule as applied to hexagonal lattice structure. By the hypotheses
of Cauchy-Born (2.26) each atom in the system follows the prescribed homogeneous deformation
and hence each unit cell is individually expected to follow the average deformation encountered.
Once again, implementing the harmonic lattice statics equation (3.17) for this structure with peri-
odic boundary conditions so that the crystal lattice is reproducible throughout space, we compute
the coordinates of the atomic nuclei that makeup the cells in the deformed lattice, with the main
focus resting on the periodic property of the structure.

4Atomistic hypotheses:- A solid is not a continuum, but is rather built up from discrete subunits in a regular
repetitive pattern
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Figure 3.17: Reference Configuration

The above (figure 3.17) on the left represents the
reference lattice and each of those on the right
(figures 3.18a–c) depicts deformed (sheared) lat-
tice corresponding to different deformation states.
We used simple shear deformation, i.e. the struc-
ture is subjected to deformation of the type given
by the expression in (3.27) and hence these re-
sults are obtained for different shear numbers
each of which is less than one period where the
period is as mentioned in section 3.5.1

To keep the model as simple as it could be, Lennard
Jones pair potential is chosen for the descrip-
tion of the interaction. From the computation
it can be seen that the unit cells which resem-
ble Eulerian strain polygons of the continuum
theory deform, smoothly stretching in one di-
rection across a slip plane (line), closely obey-
ing continuum elasticity until the shear number
reaches one period. The change in the shape of
the unit cells of the structure is due to the sliding
of atomic planes past one another. Furthermore,
all the unit cells in the lattice deform likewise,
showing that the deformed structure is again pe-
riodic and thus, suggesting that one may concen-
trate only on the unit cell to study the behavior
of the whole lattice.

(a)

(b)

(c)

Figure 3.18: Current configurations correspond-
ing to shear deformation
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3.7 Atomic level stress

Stress at the atomic level can be seen from the standpoint of the interatomic forces arising from
interactions between neighboring atoms in the collection(for an overview on stress computation at
atomistic level see e.g. Cheung et al.(1991) and Cormier et al.(2001) or see the contribution by
Herman et al.(1963) for a self-consistent atomic structure calculations and related problems). For
the quantitative description of the stress locally at a given atom, one can consider an element of
volume surrounding the atom and compute the force across each face of the element(In some cases
Hellmann-Feynman theorem is helpful for the description and computation of forces at the atomic
level see e.g. recent work by Nerbrant et al.(2004) or the contribution by Sorbello et al.(1980)).
This procedure which is often called mechanical approach, despite the fact that it is conceptually
plain, it is quite tedious in practice. Instead of this, the virial theorem, developed by Clausius and
Maxwell used to determine the stress field applied on the surface of a fixed volume containing
interacting particles (see Zimermann et al.(2004)) appears to be efficient. Indeed, the virial stress
expression has become an invaluable computational diagnostic tool for simulations of phenomenon
such as internal stress fields due to inhomogeneous precipitates (Zimermann et al.(2004)) and finite
deformations leading to atomic scale plasticity. The virial stress is the most commonly used defini-
tion of stress in discrete particle systems and it depends not only on the interatomic forces but also
on the atomic positions. Although the expression developed in the generalized virial theorem is
both a time and spatial average, in the framework of lattice statics it reduces only to spatial average
that relates stress to expected values. Here and hereafter, by the average stress theorem we mean
the generalized virial theorem. Thus in what follows, the stress theorem which is known to be
computationally effective and widely used in simulations is employed to describe the state of stress
of a system of atoms, i.e. for the lattice generated by the hexagonal unit cell (see figure 3.17).

3.7.1 The average stress

The total stress of a stationary system can be derived by applying the variational principle(Nielsen
et al.(1983, 1985)). Since the stress theorem is applicable to general systems with interactions
which are differentiable functions of the particle coordinates, it can be employed in the case of par-
ticles interacting via pair potential leading to description of internal energy in the following form

Eint =
1

2

∑

i

∑

j 6=i

φ(rij) (3.31)

For such system, the symmetric form of the stress theorem is given by

tαβ = −
∑

i

〈
PiαPiβ

mi

〉

− 1

2

∑

i

∑

j 6=i

〈
(ri − rj)α(ri − rj)β

|ri − rj|
φ′(|ri − rj|)

〉

(3.32)
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whereP i is momentum tensor and ri is the corresponding nuclear coordinate, tαβ is the component
of stress intrinsic to the system due to bonded interactions and the angular bracket 〈·〉 represents
the expected value, i.e. averaging over all replicas.

For stationary system (Lattice statics) the momentum term is identically zero and hence (3.32) re-
duces to

tαβ = −1

2

∑

i

∑

j 6=i

〈
(ri − rj)α(ri − rj)β

|ri − rj|
φ′(|ri − rj|)

〉

(3.33)

For the periodic system under consideration, i.e. for the lattice built up from unit cells , the stress
density is defined as

σαβ = − 1

2V

∑

i

∑

j 6=i

〈
(ri − rj)α(ri − rj)β

|ri − rj|
φ′(|ri − rj|)

〉

(3.34)

where V is the volume of the bounded domain corresponding to the finite lattice(see figure 3.2).

For a homogeneous stress field, the average stress(3.34) takes the format

σαβ = − 1

2V

∑

i

∑

j 6=i

(ri − rj)α(ri − rj)β

|ri − rj|
φ′(|ri − rj|) (3.35)

Consequently, the stress contribution of a representative atom is given by

σi
αβ =

1

2Vi

∑

j 6=i

(ri − rj)α(ri − rj)β

|ri − rj|
φ′(|ri − rj|) (3.36)

where Vi is the volume of the unit cell.

The next (figure 3.19) shows computation of the shear component of the atomic level stress and
the volume averaged total energy for a cluster of atoms (a lattice generated by the unit cell), fur-
thermore, makes comparison of the result. An important issue in multiscale mechanical modelling
is the link between the effective(macroscopic) behavior observed at the continuum scale and the
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phenomenon beneath the surface down to atomic scale. In this model, such a link is established by
recourse to the Cauchy-Born rule(Ericksen(1984)) which connects the continuum variables to the
atomistic quantities through the macroscopic deformation gradient.

Physically this stress can be interpreted as a quantity corresponding to the pointwise Cauchy stress5,
the continuum level stress at a quadrature point, the correspondence being established by the
Cauchy-Born rule.
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Figure 3.19: Average stress and volume averaged energy /vs Shear number

5σ = 1
v

∑

i



mivi ⊗ vi + 1
2

∑

j 6=i

rij ⊗ f ij



 average virial stress over an effective volume[theorem of Clausius]
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CHAPTER4
Minimum energy state and feature of crystals

We must avoid here two complementary
errors: on the one hand that the world

has a unique, intrinsic, pre-existing structure
awaiting our grasp; and on the other hand that
the world is in utter chaos

R. Abel,
Man is the Measure, New York: Free Press,
1976

In modelling materials within the confines of nonlinear elasticity, in particular from the standpoint
of energetics one can come across different phases reflecting the diversity of internal structures
of materials associated with different equilibrium states of elastic stored energy (see Dolzmann,
Müller(1995)). In most cases, the appearance of these various phases is directly connected to the
behavior of the strain energy density W0, such as its symmetry property which is inherited from the
underlying crystal lattice. In connection with energy optimization, this leads to a non quasicon-
vex1 variational problem and hence to the failure of the associated energy functional to be weakly
lower semicontinuous, which is often the case for variational problems describing phase transform-
ing materials particularly near the transformation temperature(for variational models in elasticity
see Müller(1998) or Pedregal(1996) among others). Thus, emanating from symmetry invariance
of the strain energy density that leads to multiple energy wells in general, the appearance of var-
ious phases in crystalline solids has a considerable impact on the elastic property of materials,
and hence it is a centerpiece of study in materials research(see e.g. Luskin(1996) for the com-
putation of crystalline microstructure or Bhattacharya et al.(1999) for phase transformation from
cubic to orthorhombic in martensitic microstructures). In situations where there are several phases
which are energetically feasible, variational problems dealing with energy minimization problems
inevitably lead to the development of microstructure (fine inner structures) the relative stability of

1Ball(1977) introduced the notion of polyconvexity as a tool for characterizing strain energy density W0 as Mor-
rey(1952) introduced earlier the notion of quasiconvexity for similar purpose.
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which depends on the state of stress and other factors. These microstructures which are basically
exhibited in an attempt to achieve the lowest possible energy are observed to influence the response
of materials to different loading conditions(see e.g. Li(2002) for martensitic microstructure with
homogeneous boundary condition) . Aluminum and steel are examples of materials that are capa-
ble of developing microstructures as observed in laboratory and also witnessed by simulation. If
we consider the case of steel especially stainless steel, the relevant microstructure may be grouped
into four major classes associated to different types, namely, Austenite, Ferrite, Martensite and
Duplex.

Ferrite stainless steels have basically a bcc type crystal structure but with a change of temperature
and some additional conditions of stabilization related to alloying content it transforms to austenite
phase that is generally known to exhibit a single phase which is fcc type and is relatively stable
over a wider range of temperature.
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Figure 4.1: Crystallographic structure of steel, transition from ferrite(bcc) to austenite(fcc)

Motivated by problems from material science with tight focus on energetics, a central problem
of interest in mechanics is concerned with the formation of microstructure and investigation of
subsequent effects on the macroscopic behavior of materials(see e.g. Miehe et al.(2004) for mi-
crostructures in finite plasticity). In practice, where there is an obvious separation between length
scales, for numerical computations one uses a suitably relaxed energy density that best approxi-
mates the configuration which can be achieved by the material via the development of microstruc-
ture. Here, the term relaxation is used in the spirit of the fundamental theorem of relaxation which
one may roughly interprete as stating, the energy functional resulting from the relaxed density
gives the same infimum as the one obtained from the original density (see e.g. Bhattacharya,
Dolzmann(2000) for an overview on relaxed constitutive relation pertaining to phase transforming
materials or Bouchitté et al.(1998) for a method of relaxation). In view of this, the formulation
and use of relaxed energy density requires examination of all possible microstructures compatible
with a prescribed macroscopic deformation(cf. Ball et al.(1987)). Thus, the central problem in
this regard is devising an efficient technique of determining the relaxed energy density and inte-
grating it into macroscopic computations(see e.g. Lambrecht et al.(1998) or Miehe et al.(2003) for
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energy relaxation of incremental stress potentials). Unfortunately, no general algorithm as such
to determine a relaxed energy of an arbitrary energy density is known thus far. Hence one way
to circumvent this difficulty consists of considering a special class of microstructures that nec-
essarily results in a partial relaxation of a given energy density. This naturally leads to restrict
our attention to microstructures in the form of sequential laminate, i.e. resolving the develop-
ment of several of the competing microstructures through successive branching process, laminate
within laminate(see e.g. Pedregal(1993) Luskin(1997) or Kružík et al.(2003)). Such a procedure
which captures the lowest energy density attainable by the material through sequential lamination
is known as rank-one convexification. In the process of laminate construction, all microstructures
generated by sequential lamination procedure should be in both static and configurational equilib-
rium(for a numerical approach to compatible phase transition see Carstensen et al.(2000)) and it
is also required that the evolution of the microstructure during a deformation process satisfy the
continuity constraint usually called rank-one compatibility condition in the sense that every new
microstructure be reachable from the preceeding one along an admissible deformation path.

4.1 Lowest energy configuration

In this part we encounter problems of the type

I (ϕ) −→ inf !

where I (ϕ) =
∫

B0

W0(F ,ϕ;X)dX, ϕ ∈ A0 (4.1)

F = ∇X ⊗ ϕ

and A0 = {ϕ|ϕ ∈ H 1(B0,R
3),ϕ = ϕ0 on ∂B0}

with B0 ⊂ R
3 a bounded Lipschitz domain2 and W0 : B0 × R

3 × R
3×3 → R a continuous function

satisfying the principle of material frame indifference, W0(Q·F ) =W0(F ) for all proper orthogonal
tensorsQ ∈ SO(3) and orientation preserving deformations F ∈ M

3×3
+ .

The case of primary interest right here is that the elastic stored energy density function W0 is not
quasiconvex and hence nonconvex. An oft cited example of a non quasiconvex energy density is

W0(F ) = min{W i
0 (F ) : i = 1, 2, . . . , N} (4.2)

2A bounded domain Ω ⊂ R
n with boundary ∂Ω is said to be Lipschitz domain, if there exists constants

α > 0, β > 0, and a finite number of local coordinates (xr
1, x

r
2, ..., x

r
n), 1 ≤ r ≤ N, and local Lipschitz

continuous maps fr : {x̂r = (xr
2, ..., x

r
n) ∈ R

n−1|‖xr
i ‖ ≤ α, 2 ≤ i ≤ n} → R such that

∂Ω = ∪N
r=1{(xr

1, x
r)|xr

1 = fr(x̂
r), ‖x̂r‖ < α}

{(xr
1, x̂

r)|fr(x̂
r) < xr

1 < fr(x̂
r) + β, ‖xr

i ‖ ≤ α} ⊂ Ω, 1 ≤ r ≤ N,

{(xr
1, x̂

r)|fr(x̂
r) < xr

1 − β < fr(x̂
r), ‖xr

i ‖ ≤ α} ⊂ Ωc, 1 ≤ r ≤ N, where Ωc = R
n \ Ω, Ω is the closure of Ω
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such that for each i, W i
0 is a quasiconvex density representing the energy wells of the potential and

W0 is the lower envelop, see Kohn(1991) for an overview or Carstensen et al.(1997) for the scalar
double well problem.

For if, in (4.1) we impose the constitutive requirement that W0(·,ϕ(X);X) : R
3×3 → R be convex

with respect to the deformation gradientF , this hypothesis in conjunction with suitable smoothness
and growth assumptions ensures the existence of a minimizer for (4.1). Indeed, existence theorems
under this assumption have been provided by a number of authors, see e.g. the contribution by
Beju(1971) the monograph by Oden(1973) or among others for abstract existence theorem and
application to differential inclusion problems see the work of Dacorogna et al.(2002) and references
therein. However, since the strain energy density W0 is required to be material frame indifferent,

W0(F ) = W0(Q · F ), ∀Q ∈ SO(3) and F ∈ R
3×3
+ (4.3)

this objectivity3 requirement conflicts with the imposed convexity condition,

W0(ξF 1 + [1 − ξ]F 2) ≤ ξW0(F 1) + [1 − ξ]W0(F 2), ∀F 1,F 2 ∈ R
3×3, ξ ∈ [0, 1]. (4.4)

For the truth of this, W0 need not be convex and hence some less restrictive condition on W0 are
therefore required. A suitable condition, quasiconvexity introduced by Morrey(1952) is then in
place as the next candidate.

A continuous function 4 W0 : U → R (U ⊂ R
3×3 an open set) is said to be quasiconvex if for any

tensor F ∈ U and any sufficiently smooth test field η ∈ W1,∞
0 (B0,R

3) compactly5 supported on
B0 it holds that

∫

B0

{W0(F + ∇η(X);X) − W0(F ;X)}dX ≥ 0 (4.5)

for every open bounded subset B0 ⊆ R
3, and strongly quasiconvex if there is a scalar C > 0 such

that
∫

B0

{W0(F + ∇η(X);X) − W0(F ;X)}dX ≥ C

∫

B0

|∇η(X)|2dX (4.6)

3A rigid rotation of the crystal should not change its stored energy.

4A mapping f: R
n → R is said to be Lipschitz continuous if and only if there is a finite constant C such that

|f(X1) − f(X2)| < C‖X1 −X2‖. Lipschitz continuity is a stronger condition than regular continuity

5If U ⊂ R
n is open, the support of a function f : U → R is a set S = {X : f(X) 6= 0} and its compact support

is the set S0 = S ⊆ U . An important consequence of compactness is that S0 is bounded.
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The condition (4.5) states that for all fluctuations η on B0 with support on ∂B0 the deformation F
provides an absolute minimizer of the potential on the domain B0.

Morrey has shown that if W0(·,ϕ;X) is quasiconvex for every deformation ϕ, and on top of this
if some continuity and growth6 assumptions are satisfied then for various boundary value problems
there exist a minimizer for the optimization problem (4.1) (see Morrey(1952, 1966)). However,
the quasiconvexity condition which one may view as a constitutive restriction on the elastic stored
energy density W0 may fail to hold.

In the event that W0 fails to be quasiconvex, the energy functional I in (4.1) is not sequentially
weakly lower semicontinuous and therefore the optimization problem

M = inf
ϕ
{I (ϕ) : ϕ ∈ A0} (4.7)

generally does not have any solution in A0.

The standard remedy in this case is, introducing the quasiconvex envelop7 which is formally defined
as the largest quasiconvex function not exceeding the given function, i.e.

W Q
o (·,ϕ;X) = sup{W̃0 | W̃0 ≤ W0(·,ϕ;X) and W̃0 is quasiconvex} (4.8)

for all X ∈ B0 and ϕ : B0 → R
3, where we use standard function ordering in defining the

inequality

W̃0 ≤ W0(·,ϕ;X) (4.9)

to mean that

W̃0(F ) ≤ W0(F ,ϕ;X), ∀F ∈ R
3×3 (4.10)

With the introduction of the quasiconvex envelop, the resulting functional

IQ(ϕ) =

∫

B0

W Q
0 (∇ϕ)dX (4.11)

is sequentially weakly lower semicontinuous and the corresponding relaxed problem
∫

B0

W Q
0 (∇ϕ)dX −→ min ! (4.12)

6The growth condition on W0 is usually given by C1‖F ‖p − C0 ≤ W0(F ), ∀F ∈ R
3×3 with C0, C1 positive

constants and 1 < p < ∞. Such a condition is convenient for theoretical justification of the approximation.

7An alternative and equivalent definition of the quasiconvex envelop of a function is given by

W Q
0 =

1

V (B0)
inf

η∈W
1,∞

0
(B0,R3)

∫

B0

W0(F + ∇η)dX

where V (B0) is volume of the Lipschitz domain B0 and η is a test field.
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has a solution ϕ̃ ∈ A0 such that

IQ(ϕ̃) = min
ϕ∈A0

IQ(ϕ) (4.13)

Eventually, following the relaxation theorem (see Dacorogna(1989) section 1), for such ϕ̃ ∈ A0

which is a solution of (4.12), there exists a sequence of admissible elastic deformations

{ϕk}k∈N ⊂ A0 (4.14)

which weakly converges to ϕ̃ in the Sobolev space H 1(B0,R
3) such that

lim
k→∞

I (ϕk) = IQ(ϕ̃). (4.15)

Henceforth, we call such a sequence of functions an infimizing sequence. The physical meaning of
the envelop W Q

0 is that it represents the lowest energy density achievable by the material through
the development of microstructures.

4.1.1 Loss of rank-one convexity

The notion of quasiconvexity which is based on integral condition (4.5) is not a pointwise condition
on a function W0 and therefore, on the one hand verifying this condition as a nonlocal property is
very difficult (Bartels, Carstensen, Hackel and Hoppe(2004) or Ball(1977)) in practice except for
some specific cases, and on the other hand we almost never can find an analytical expression for
a quasiconvex envelop of a particular function (Dolzmann(2000) ). Hence, it is desirable to work
with more accessible conditions which are closely related to the quasiconvex envelop.

A function W0 : U → R (with U ⊂ R
3×3 an open set) is said to be rank-one convex on U , if it is

convex on all closed line segments in U with end-points differing by a tensor of rank 1, i.e.

W0(ξF 1 + [1 − ξ]F 2) ≤ ξW0(F 1) + [1 − ξ]W0(F 2) (4.16)

for any pair of tensors F 1 and F 2 in U satisfying the averaging constraint

F = ξF 1 + [1 − ξ]F 2, ∀ξ ∈ [0, 1] (4.17)

such that
rank(F 1 − F 2) ≤ 1

Here and subsequently, we call F 1 and F 2 laminate deformations and ξ the volume fraction. In
treating laminate deformations a property that one needs to pay due attention is stability(for some
examples and further note on stability see e.g. DeSimone et al.(2000) or Efendiev et al.(2000)).
Subject to the deformation F , the material is said to be stable if the convex combination ξF 1 +
[1 − ξ]F 2 of the gradients F 1 and F 2 renders a higher energy level than the parent deformation
gradient F .
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In the same spirit as in (4.8) one can define the corresponding envelop, the rank-one convex envelop
W R

0 of the density function W0 as

W R
0 (·,ϕ;X) = sup{W̃0 | W̃0 ≤ W0(·,ϕ;X) and W̃0 is rank-one convex} (4.18)

Since quasiconvexity is a sufficient condition for rank-one convexity(see Dacorogna(1989) Chapter
4,Section 1), we have the inclusion relation

W Q
0 ≤ W R

0 ≤ W0 (4.19)

from which one can see that W R
0 comprises the upper(outer) bounds of W Q

0 . "Indeed, this slightly
weaker condition, the notion of rank-one convexity traces back to the work of Corall and Graves"(Miehe
et al.(2003)) see also Šilhavý(1997) for further details. A consequence of the relation (4.19) is that,
by appeal to the fundamental theorem of relaxation we have the equalities

min
ϕ∈A

∫

B0

W Q
0 (F )dX = inf

ϕ∈A

∫

B0

W0(F )dX = inf
ϕ∈A

∫

B0

W R
0 (F )dX (4.20)

where the set

A = {ϕ ∈ W1,∞ : ϕ = F ·X forX ∈ ∂B0} (4.21)

is the relevant space of admissible deformations.

However its detailed treatment is beyond the scope of this work, a closely related problem concerns
the computation of generalized convex hulls of sets K ⊂ R

3×3. To mention a few, the quasiconvex
hull Kqh of a given set K is defined by

Kqh = {X ∈ R
3×3 : f(X) ≤ sup

Y ∈K
f(Y ), for all f : R

3×3 → R, f is quasiconvex} (4.22)

and the rank-one convex hull Krh of K is analogously defined. From their respective definitions,
the relation between the aforementioned convex hulls and the set K itself leads to the following
chain of inclusions, compare e.g. the contribution by Dolzmann et al.(2000).

K ⊆ K
rh ⊆ K

qh (4.23)

Thus, in particular if K is the zero set of the elastic stored energy density

K = {F : W0(F ) = 0} (4.24)

then K rh is closely related to the set of affine boundary conditions of the type mentioned in (4.21)
for the variational problem (4.20) for which there exists a Lipschitz continuous function ϕ with
I (ϕ) = 0, specifically, from (4.23) it follows that the rank-one convex hull of K gives an inner
bound of the corresponding quasiconvex hull of the zero set K.
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4.2 Infinitesimal rank-one convexity

In the definition (4.16) of rank-one convexity, we assumed W0 to be independent of the placement
X and the elastic deformation map ϕ. This is so because W0 is required to be rank-one convex
only with respect to the third variable, the deformation gradient F . Indeed, such an assumption
of independence on X is possible for a locally isotropic continuum. Isotropy is a typical property
of polycrystalline materials where there are no preferred directions in the material regarding its
mechanical response and its meaning in mathematical terms requires that the energy density W0

satisfies

W0(F ) = W0(Q · F ·Qt) (4.25)

for all rotationsQ ∈ SO(3) and tensors F ∈ R
3×3

Something one possibly notices here is that, verifying rank-one convexity directly from definition
(4.16) is generally difficult. However, for the local version of the problem there is a way out.
We recall that, for a twice differentiable stored energy density W0, the rank-one convexity defini-
tion (4.16) of the preceeding subsection is related to the strong ellipticity condition (2.69). The
weak form of condition (2.70) also called the classical Legendre-Hadamard condition, given by the
expression

m⊗N :
∂2W0

∂F ⊗ ∂F
: m⊗N ≥ 0 (4.26)

where m,N ∈ R
3 are first order tensors and F is a second order tensor, is employed in many

situations to check the uniqueness of a minimizer.

The expression in (4.26) alternatively called infinitesimal rank-one convexity condition is used to
assess such a uniqueness of solution only in the local sense, that is to say in a small neighborhood
of a given deformation as the name itself imply. Referring to Ball(1977) for a general survey and
further details, we however mention that the degree of regularity required for condition (4.26) is
fairly severe, namely, W0 needs to be twice continuously differentiable and this by itself is imposing
a constitutive restriction on the strain energy density W0 thereby making the condition somewhat
expensive to be employed in as many situations as one needs. Intending to circumvent this diffi-
culty at least for a certain class of problems, we visit dead load boundary value problems.

4.2.1 Dead loads and sufficient condition for uniqueness

In an effort to formulate a less restrictive condition we proceed by making a choice between the
class of admissible deformations. We consider a class of deformations with dead loading on the
boundary. Thus, if ϕ1 is a given solution of (2.63) and ϕ2 is an arbitrary kinematically admissible
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deformation which is also a solution of (2.63) satisfying the boundary condition with corresponding
deformation gradients F 1 and F 2, Piola-Kirchhoff stresses Π t

1 and Π t
2 and body force fields per

unit mass b1 and b2 respectively then setting

Ψ = ϕ1 −ϕ2 (4.27)

we have

F :=
∂Ψ

∂X
=
∂ϕ1

∂X
− ∂ϕ2

∂X
= F 1 − F 2 (4.28)

The superposed deformation Ψ satisfies the pointwise equation (2.63) and hence it should also
satisfy the homogeneous equation

Ψ · DivΠ t + ρ0Ψ · b = 0 (4.29)

Since this is true ∀X ∈ B0, it follows that
∫

B0

[Ψ · DivΠ t + ρ0Ψ · b]dX = 0 (4.30)

Obviously, the body force and the stress accompanying the superposed deformation Ψ follow di-
rectly from their definitions and are given respectively by

b = b1 − b2, and σ = σ1 − σ2 (4.31)

From the version of the product rule of divergence operator we have

Ψ · DivΠ t = Div(Ψ ·Π t) −Π t : ∇X ⊗ Ψ (4.32)

This allow us to rewrite the expression in (4.30) as
∫

B0

Div(Ψ ·Π t)dX −
∫

B0

Π t : ∇X ⊗ ΨdX +

∫

B0

ρ0Ψ · bdX = 0 (4.33)

This in turn implies that
∫

B0

Π t : ∇X ⊗ ΨdX =
∫

B0

Div(Ψ ·Π t)dX +
∫

B0

ρ0Ψ · bdX (4.34)

Recalling that Ψ = ϕ1 −ϕ2 and using (4.28) the above expression (4.34) reduces to

∫

B0

[Π t
1 −Π t

2] : [F 1 − F 2]dX =
∫

B0

Div([ϕ1 −ϕ2] ·Π t)dX +
∫

B0

ρ0[ϕ1 − ϕ2] · bdX

69



By the divergence theorem

Div([ϕ1 − ϕ2] ·Π t) =
∫

B0

Div(Ψ ·Π t)dX

=
∫

∂B0

Ψ ·Π t ·NdA

=
∫

∂B0

Ψ · σt ·ndA

=
∫

∂B0

Ψ · [σ1 − σ2] · ndA =
∫

∂B0

[ϕ1 − ϕ2] · [σ1 − σ2] ·ndA

Consequently,

∫

B0

[Π t
1 −Π t

2] : [F 1 − F 2]dX =
∫

∂B0

[ϕ1 −ϕ2] · [σ1 − σ2] · ndA

+
∫

B0

ρ0[ϕ1 −ϕ2] · [b1 − b2]dX

For dead loading b1 = b2 and σ1 · n = σ2 · n, and hence for such a load
∫

B0

[Π t
1 −Π t

2] : [F 1 − F 2]dX = 0 (4.35)

and the corresponding pointwise(local) form is

[Π t
1 −Π t

2] : [F 1 − F 2] = 0 (4.36)

Comparison of (4.36) and (4.32) results in

Div{[ϕ1 − ϕ2] · [Π t
1 −Π t

2]} = [ϕ1 −ϕ2] · Div(Π t
1 −Π t

2), ∀X ∈ B0 (4.37)

which implies that

ϕ1 −ϕ2 = 0 (4.38)

leading to equality of the two deformations, ϕ1 and ϕ2 and then arbitrariness of ϕ2 establishes the
uniqueness we claimed. Thus, for two kinematically admissible deformations ϕ1 and ϕ2 which
are distinct, we have

∫

B0

[Π1
t −Π t

2] : [F 1 − F 2]dX 6= 0 (4.39)

Because of stability concern ignoring the case
∫

B0

[Π1
t −Π t

2] : [F 1 − F 2]dX < 0 (4.40)
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and employing only
∫

B0

[Π1
t −Π t

2] : [F 1 − F 2]dX > 0 (4.41)

the pointwise form of which is

[Π1
t −Π t

2] : [F 1 − F 2] > 0. (4.42)

We state the sufficient condition for uniqueness of a minimizer(in the local sense) as follows,

A kinematically admissible deformation ϕ is a unique (an absolute)
minimizer of (4.1) in an infinitesimal neighborhood provided that,
for any other kinematically admissible deformation ϕ′ the inequality
[Π t −Π ′t] : [∇X ϕ−∇X ϕ

′] > 0 holds.

In this proposition of infinitesimal uniqueness, the derivatives involved are only first-order, i.e. one
order less than that needed in (4.26), as desired. Furthermore, the characterization is given in terms
of the first Piola-Kirchhoff stress tensor and hence it is directly connected to the underlying elastic
constitutive law. Indeed, the statement of infinitesimal rank-one convexity (4.26) is stated for the
constitutive equation, however the characterization involves the tangent operator.

One merit of working with the expression in (4.26) is the direct interpretation it allows and the
physical meaning it renders. Under the assumption of continuity of the tangent operator L, referring
to (4.26) we paraphrase the corresponding proposition which might be stated as, the constitutive
relation (2.29) is said to be infinitesimally rank-one convex if the fourth order tensor, the tangent
operator (2.30) satisfies the relation

[m⊗N ] : L : [m⊗N ] ≥ 0, ∀m⊗N . (4.43)

We introduce, the second-order tensor q(N) with expression

q(N) = [I ⊗N ] : L ·N (4.44)

But then, (4.43) reduces to

m · q(N) ·m ≥ 0, ∀m,N 6= 0 (4.45)

The tensor q(N) which is symmetric for hyperelastic materials, is connected to the propagation of
infinitesimal plane waves from which it derives the name acoustic tensor whereby N represents
the direction of propagation of the wave, see e.g. Šilhavy(1997) or Ogden(1984) for details.

Expression (4.43) which basically results from the incremental stability condition can be replaced
by a stronger version. To this end, replacing ≥ by > leads to an ellipticity condition which, in view
of the monograph by Ogden(1984), assures that the underlying equilibrium equations are elliptic
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systems in accordance with the usual terminology of the theory of partial differential equations.

Thus, with strict inequality (4.43) yields the strong ellipticity condition

[m⊗N ] : L : [m⊗N ] > 0. ∀m,N 6= 0 (4.46)

and consequently, (4.45) takes the format

m · q(N) ·m > 0 (4.47)

which is equivalent to saying that q(N) is positive definite for each N 6= 0.

Consider a path of deformation along which the strong ellipticity condition (4.46) holds only up
to some critical configuration, i.e. there is a configuration at which it fails in the sense that (4.43)
holds with equality ’=’ for some tensor m ⊗N 6= 0. In this critical configuration for each such
non-zeroN there exists a vectorm 6= 0 such that

q(N) ·m = 0 (4.48)

Thus, in configurations where strong ellipticity just fails there exists a tensorN such that q(N) is
singular, and therefore

det q(N) = 0. (4.49)

Computation of the determinant of acoustic tensor yields crucial information as to whether the
problem remains well-posed or not. Particularly, in the incremental loading procedure the singu-
larity of the acoustic tensor is taken as part of useful arsenals that might be used to detect the critical
configuration that can be interpreted in anyone of the following possible ways, 1) the onset of in-
stability, 2) emergence of bifurcation of the underlying deformation path or 3) loss of ellipticity of
the associated boundary value problem. An engineering terminology that sums up all these inter-
pretations is, perhaps ’onset of material failure’. This critical configuration is of primary interest
in this part of study and therefore in what follows, we shall employ an acoustic tensor for the in-
vestigation of material failure. We present results from the computation of a mode I crack problem
with a priori known crack path(along the plane of symmetry) for a fcc type crystalline material.
The computation is performed within a finite element context whereby simple triangular elements
with one integration point are adopted and the load is applied incrementally such that failure oc-
curs at different time steps for different elements. Practically speaking, detq(N ) is computed for
each element on every load step thereby monitoring for those elements where detq(N ) becomes
non-positive. Consequently, the result in figure 4.2 highlights elements where failure occurred and
displays the corresponding curve of the determinant of the acoustic tensor versus load step. In this
process element 44 failed at the 33rd step while elements 15 , 24 and 31 failed at the 36th step and
element 29 failed at the 37th load step.
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Figure 4.2: Investigation of material failure by means of the acoustic tensor

We have seen that positive definiteness of the acoustic tensor q is connected to strong ellipticity
and hence to the stability of the underlying homogeneous deformation whereby the singularity of
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this tensor is identified with the onset of material failure. Since the acoustic tensor is a function
of the spatial direction vector N , in what follows we study the effect of this dependence on the
behavior of the tensor q in the planar case where the vectorN is explicitely expressed as a function
of planar inclination angle θ as

N(θ) = cos(θ)e1 + sin(θ)e2. (4.50)

The next result is obtained from the computation of minimum of the determinant of acoustic tensor
as a function of direction vector in terms of inclination angle θ for a complete rotation. The numer-
ical computation is performed for simple shear deformation(see figure 4.3) and uniaxial extension,
tension test(figure 4.4) in the context of incremental loading procedures.

For the sake of demonstration a structure with two elements is employed. Since we apply a ho-
mogeneous deformation, we concentrate on anyone of the two elements during an incremental
deformation process for both simple shear deformation and tension test.
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Figure 4.3: Determinant of q versus inclination angle of planar direction vectorN (simple shear)

For simple shear deformation as visualized in figure 4.3, the determinant of acoustic tensor man-
ifests oscillatory behavior with peaks at different heights and wells with different depths on its
graph. Moreover, for increasing load steps the height of some of the peaks gets higher while the
depth of all the wells is getting further deep. The determinant of q is periodic with period π. and
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the above plot corresponds to 2 periods.
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Figure 4.4: Determinant of q versus inclination angle of planar direction vectorN (tension test)

The determinant of q is again oscillatory and periodic for tension test with the same period as in
simple shear deformation. Here, for this type of deformations each load step gives rise to translation
of the entire graph obtained in the preceeding step.

4.3 Rank-one convexification

In the preceeding sections we reviewed the formulation of rank-one convexity and characterization
of infinitesimal rank-one convexity. Loss of rank-one convexity indicates instability of the homo-
geneous deformation state F (the acoustic tensor is used to detect the onset) and the development
of microstructures in the form of such a pattern as laminate that can either be first- or higher-order
formed by a material in order to lower its energy so as to accommodate the deformation encoun-
tered. The determination of these evolving energy minimizing microstructures leads to rank-one
convexification of the energy density W0 through the construction of its rank-one convex envelop
W R

0 . Referring to the monographs and articles by Dacorogna et al.(1999, 1989, 1982) for a rig-
orous mathematical basis, or the contributions by Müller(1998) Kohn et al.(1986) Kohn (1983)
Rockafellar(1970) and references therein for further survey, we intend to have a closer look at the
notion of rank-one convexification as applied to phase decomposition deformation problems. For
such class of deformations, the rank-one convexified stored energy density, i.e. the relevant rank-
one convex envelop as a function of the homogeneous deformation is given by(Dacorogna(1989),
Section 5.1.1) the optimization problem

W R
0 (F ) = inf

ξi,F i

{ N∑

i=1

ξiW0(F i)

}

(4.51)
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with the weighted average of the phases F i rendering the homogeneous deformation F

F =
N∑

i=1

ξiF i (4.52)

and the global volume fractions satisfying

0 < ξi < 1, such that
N∑

i=1

ξi = 1 (4.53)

where N is the number of phases(cf. Pedregal(1993)).

In this context therefore, the caseN = 2 corresponds to an occurrence of only two phases, a layered
mixture of two deformation gradients F 1 and F 2 and hence the development of level-1 laminate
with the additional requirement that the difference between the two phases be a rank-1 tensor

F 1 − F 2 = a⊗N (4.54)

For a concrete example on compatible phases(rank-one connectivity) in phase transforming mate-
rials and minimizing sequences see Ball et al.(1987).

The constraint (4.54) called the rank-one compatibility condition is required to enforce the continu-
ity of deformation across the interface separating the twin variants (see Appendix B for the deriva-
tion). The physical origin and the geometric interpretation is related to the interfacial plane(surface)
such that whether one approach the plane from below or above, when one reach the plane, pre-
scription for displacing the atoms on that plane will be the same. From energetic point of view, the
continuity constraint is needed to insure that the new microstructure is reachable from the preceed-
ing one by a combination of branching8 and pruning process under conditions that several phases
are energetically favorable(compare the work of Knowles et al.(1978) for the emergence of discon-
tinuous deformation gradients).

The vector ’N ’ is normal to the interfacial plane in the reference configuration and ’a’ is a vector
to be determined. If the vectors a,N and the volume fraction ξ are already known then for a given
parent deformation the deformations in the variants are given by

F 1 = F + [1 − ξ]a⊗N (4.55)

F 2 = F − ξa⊗N
From this, one can say that the aggregate {F ,a,N , ξ} constitute a complete set of degrees of free-
dom for the laminate. Following Kohn(1991) a laminate of level-k is taken to be a phase mixture
of two level-(k − 1) laminate and the generation of level-k laminate contains 2k laminate. For the
sake of completeness, uniform deformations might be labeled as level-0 laminate.

8By branching we mean the splitting of a variant into a rank-one laminate and by pruning we are referring to the
elimination of variants with volume fraction reducing to zero. Thus, branching and pruning are mechanisms by which
microstructures are allowed to effect topological(structural) transitions
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Figure 4.5: Schematic of microstructure corresponding to level-1 laminate (b) and level-2 laminate
(c). Two phases emerge corresponding to the homogeneous deformations F 1 and F 2 developing
as a result of shear bifurcation (figure (b)) and further bifurcation of F 2 (figure (c))

4.3.1 Approximate rank-one convex envelop

The approximation of rank-one convex envelop can be considered as the first step towards the
simulation of nonlinear behavior of materials with either affine or non-affine boundary conditions
(Roubícek(1996)). Following the description (4.51) of rank-one convex envelop, the next step is
the investigation of the resulting relaxed energy functional which is given by

IR(ϕ) =

∫

B0

W R
0 (F )dX. (4.56)

In the event thatN > 2, which corresponds to a decay of homogeneous deformation state into more
than two phases, the rank-one convexification procedure (4.51) has a serious drawback, mainly, for
it is not possible to bound the cardinal number N , i.e. one can not a priori prescribe the number of
evolving phases, consequently evaluating the infimum becomes difficult. An alternative procedure
which is a sort of algorithmic approach and that provides a recursion formula for sequential rank-
one convexification was suggested by Kohn(1986) and is described as follows (see e.g. Miehe et
al.(2003) and citations therein for algorithmic solution of constrained minimization problem).

We start with

W R0

0 = W0 (4.57)

and for each integer k ≥ 1 define recursively

W Rk
0 (F ) = inf

ξk,F 1,F 2

{

ξkW
Rk−1

0 (F 1) + [1 − ξk]W
Rk−1

0 (F 2)

}

(4.58)

with the local volume fraction 0 < ξk < 1 and the average deformation

F = ξkF 1 + [1 − ξk]F 2 (4.59)

such that
rank(F 1 − F 2) ≤ 1.
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Using (4.55) the variational problem (4.58) reduces to

W Rk
0 (F ) = inf

ξk,a,N

{

ξkW
Rk−1

0 (F 1) + [1 − ξk]W
Rk−1

0 (F 2)

}

(4.60)

The exact rank-one convex envelop is then obtained in the long run from the limit of the sequence
of envelops {W Rk

0 }∞k=0, i.e.
W R

0 = lim
k→∞

W Rk
0 .

The expression in (4.58) implies that any phase of level-(k − 1) decomposes into two phases of
level-k with the anticipation that they minimize the average of the corresponding stored energy.
In this fashion, we have laminate within laminate, or more precisely sequential laminate. Directly
from the recursion relation (4.60) we have the following relation between successive rank-one
convex envelops at various levels

W R
0 ≤ . . . ≤ W

Rk+1

0 ≤ W Rk
0 ≤ . . . ≤ W R1

0 ≤ W R0

0 = W0 (4.61)

An observation of the order relation (4.61) reveals that, for phase decomposition deformations,
the level-k envelop (rank-one convex envelop) constitutes the lower bounds of the corresponding
level-(k− 1) envelop, indeed it comprises lower bounds of all corresponding lower level rank-one
convex envelops. The use of the term lower level here, refers to indices smaller than the given
index.

4.3.2 Continuum-atomistics and rank-one convexification

Once we have the algorithm for approximating the rank-one convex envelop, the next step is de-
scription of the corresponding ground state configuration, i.e. computation of the optimal energy
configuration resulting from minimization of the relaxed energy functional arising from optimal
density function as described in (4.60). The energy obtained from atomistic level computation is
incorporated to the optimized density function based on the description (2.28).

Variable optimization

For a solution of (4.60) to be an optimal density, it is required that the stationarity condition with
respect to all the variables (ξk, a,N ) be satisfied, i.e.

∂Ŵ0

∂ξk
(ξk,a,N ;F ) = 0

∂Ŵ0

∂a
(ξk,a,N ;F ) = 0

∂Ŵ0

∂N
(ξk,a,N ;F ) = 0

where Ŵ0(ξk,a,N ;F ) := ξkW
Rk−1

0 (F 1) + [1 − ξk]W
Rk−1

0 (F 2).
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Since the optimal interface orientation N can readily be obtained from the determinant of acoustic
tensor, all we need to determine is the remaining two variables ξk and a which can be obtained
from the solution of

∂Ŵ0

∂ξk
(ξk,a,N ;F ) = [|W Rk−1

0 |] − a · 〈Π t〉 ·N = 0

∂Ŵ0

∂a
(ξk,a,N ;F ) = [|Π t|] ·N = 0







Nonlinear system

We keep on computing these variables at each level except level-0. At level-0, the only task is
incorporating the atomistic level information to the continuum through energetic means, i.e. the
energy extracted from atomistics is absorbed to the strain energy density W R0

0 as described in
(2.28). Proceeding to level-1 where the computation of optimal variables start, we treat the above
nonlinear system of equations. Thus, for a given ξk the traction equilibrium equation

[|Π t|] ·N = 0 (4.62)

is solved iteratively with the tangent stiffness matrix given in terms of the acoustic tensor

KT = q1 − ξk[|q|]. (4.63)

The resulting pair {ξk,a} comprises the requisite optimal volume fraction and optimal amplitude,
if it satisfies the configurational equilibrium equation(compare Maxwell relation, Gurtin(1983) or
Fosdick et al.(1989))

[|W R0

0 |] − a · 〈Π t〉 ·N = 0 (4.64)

The index attached to the acoustic tensor (4.63) arises from the dependence on the associated twin
deformation, i.e.

L1 =
∂2W R0

0 (F 1;X)

∂F 1 ⊗ ∂F 1
(4.65)

and the definition (4.44).

Iteration strategy

The method of solving the coupled nonlinear system has two steps, namely, prediction and cor-
rection steps. The prediction step is characterized by picking a ξk ∈ [0, 1] and solving (4.62) for
the amplitude ’a‘ using Newton-Raphson method(For the Newton method we refer to Bonet et
al.(1997) Burden et al.(2005) or any standard reference on numerical analysis). At the correction
step we plug the values of the pair {ξk,a} in (4.64) and see if it satisfies the equation. In this com-
putation ξk = 0.5 is taken to be the initial volume fraction and the corresponding initial amplitude
is a0 = −0.3420e1 + 0.9397e2. From the plot of the determinant of the acoustic tensor as a func-
tion of N (see figure 4.3) we have two directions over one period, namely one corresponding to
θ = 200 and the other to 900. Here, we consider only one directionN(200). The optimal variables
obtained in this prediction-correction method are summarized in the next table.
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θ 200

N 0.9397e1 + 0.3420e2

ξ 0.264
a −0.024e1 + 0.015e2

In the end, for the description of energy functional at level-1 the rank-one convexified density W R1

0

is made to incorporate the atomistic level energy as described in (2.28). Ultimately, in the context
of sequential lamination procedures with W R1

0 at hand the next step is computing W R2

0 , which
is essentially nothing but repeating all the steps performed to get W R1

0 with the only change that
W R1

0 this time plays the role of W R0

0 . In general, any work to get level-k envelop with k ≥ 2 is a
repetition of the variables optimization procedures conducted at the preceeding level-(k − 1) step
followed by incorporating the crystal based computation of energy as stated in (2.28).

Finite elements and minimization of relaxed energy

Eventually the level-k envelop W Rk
0 with the atomistic input already incorporated renders the re-

laxed energy functional of this level

IRk
(ϕ) =

∫

B0

W Rk
0 (F )dX (4.66)

and the next step is solving the variational problem

IRk
(ϕ) 7−→ min! (4.67)

To find a minimizing configuration one may tackle directly (4.67) by employing one of the known
iterative schemes such as conjugate gradient or Newton-Raphson method. However, this equilib-
rium configuration can alternatively be extracted from the stationarity condition in terms of the
vanishing first order variation which renders

∫

B0

∂W Rk
0

∂F
: ∇Xδϕ(X)dX = 0. (4.68)

Substituting the stress functionΠ t
k for the derivative of the envelop with respect to F leads to

∫

B0

Π t
k : ∇Xδϕ(X)dX = 0. (4.69)

In the context of standard finite element procedures, discretizing the reference domain B0 into ele-
ments {Be

0 : e = 1, 2, ..., nel} and assembly of the resulting integrals over the elements yields
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nel

A
e=1

∫

Be
0

Π t
ke : ∇Xδϕ(X)dX = 0 with ∪

e
Be

0 = B0 (4.70)

Using the trial deformation interpolated from the shape functions leads to the equilibrium equation

nel

A
e=1

∑

`

∫

Be
0

Π t
ke : δϕ` ⊗∇XN `(X)dX = 0 (4.71)

where ϕ` is an element nodal coordinate.

The system (4.71) is nonlinear where the nonlinearity lies in the stress function Π t
ke emanating

from its connection to the atomistics through (2.29). Consequently, its solution involves an itera-
tive procedure that leads to linearization thereby necessitating the introduction of the fourth order
tensor, the tangent operator Lke computed from atomistic data as described in (2.30). For a force
controlled simulation, in the finite element procedures the expression on the left hand side of (4.71)
constitutes the internal force vector while the same procedure leads to the corresponding discretiza-
tion of the external force which is given by

nel

A
e=1

∑

`

∫

∂Be
0

T ke · δϕ`N `(X)dA (4.72)

and the relevant equilibrium equation in the absence of body force is given by

nel

A
e=1

∑

`

[ ∫

Be
0

Π t
ke : δϕ` ⊗∇XN `(X)dX −

∫

∂Be
0

T ke · δϕ`N `(X)dA

]

= 0 (4.73)

As indicated in the order relation (4.61) for each k ≥ 0 the envelop W
Rk+1

0 renders a lower energy
level than its predecessor W Rk

0 and hence the configuration at each level-k laminate is a metastable
configuration lowering the energy in the local sense. The next result,figure 4.6 is the element energy
density for level-0 and level-1 lamination computed for the structure with two elements (see figure
4.3) subjected to simple shear deformation.
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Figure 4.6: Determinant of acoustic tensor/energy density versus shear number

The level-1 density agrees with the homogeneous density(level-0) until the shear number reaches
0.14 and gives strictly lower value for shear number beyond that. The shear number 0.14 corre-
sponds to critical deformation associated with the onset of failure as detected by the determinant
of the acoustic tensor.
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Figure 4.7: Schematic of evolving mi-
crostructure for phase decomposition de-
formation as determined by the vector N,
model case of 2D.

The direction vectorN which is orthogonal
to an interface plane determines the optimal
orientation of the splitting plane, and hence
for a phase decomposition deformation the
alignment of these planes relative to each
other. In figure 4.7, for the unit normal N
= [cos(θ) sin(θ)] that makes an angle of
200 with the horizontal the corresponding
splitting plane(2D case) and the associated
angle 1100 is shown. We recall that N is
obtained from the determinant of the acous-
tic tensor, thus the angle 200 corresponds to
a minima on the graph of acoustic tensor q
as a function of the direction vectorN (see
figure 4.3).
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Referring to the expression in (4.73), the first Piola-Kirchhoff stress tensor Π t
ke represents the

stress at level-k in the element e. The Frobenius9 norm of this stress can be evaluated and might
be used as a measure of sensitivity to instability, i.e. it helps assess the relative stability of the
structure. The next result is computation of the push-forward of Π t

ke, the spatial Cauchy stress.
The computation is made for simple shear deformation and tension test at level-0 and the compo-
nents of the symmetric Cauchy stress against the displacement of a point on the top margin of the
two-element structure (as in figure 4.3 and figure 4.4) are displayed.
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Figure 4.8: Components of the Cauchy stress tensor /vs displacement of a point on top margin, for
simple shear deformation(a) and tension test(b)

4.4 Phase decomposition deformation and oscillation

Within the confines of rank-one convexification procedures, this section focuses on a minimizing
deformation of phase splitting problems(for phase mixing associated with energy minimizers see
Ball(1987)). For a phase decomposition problem, the macroscopic deformation state F is unstable
and therefore decomposes into two phases F 1 and F 2 each of which may further split into pairs of
phases F 11, F 12 and F 21, F 22 respectively(compare Pedregal(1993)). The average deformation is
then the superposition of these phases, in other words, it is the weighted average of all the variants
with the weight coming from the global volume fractions with the restriction that the rank-one
compatibility condition (4.54) is satisfied for each splitting at each level.

9The Frobenius norm also called the Euclidean norm of a square matrixA is given by ||A || =
∑

i,j

A2
ij
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Figure 4.9: Schematic of phase decomposition deformation

To figure out this process, we start with level-1 splitting. At this level, since the homogeneous
deformation splits exactly into two deformations that lower the energy, we write a convex combi-
nation

F = ξ1F 1 + [1 − ξ1]F 2 (4.74)

According to the rank-one compatibility condition (4.54), we demand that

F 1 − F 2 = a1 ⊗N 1 (4.75)

such that (F 1 − F 2) ≤ 1.

Based on the assumption that each of the level-1 variant further splits, repeating the procedure in
(4.74) for the pair {F 1,F 2}, the deformation of the variants (F 1 and F 2) is recovered from the
respective twins as,

F 1 = ξ2F 11 + [1 − ξ2]F 12 and F 2 = ξ̃2F 21 + [1 − ξ̃2]F 22 (4.76)

with the local volume fractions
0 < ξ2, ξ̃2 < 1

such that

F 11 − F 12 = a2 ⊗N 2 and F 21 − F 22 = ã2 ⊗ Ñ 2 (4.77)

As a result, the original average deformation is described by

F = ξ1ξ2F 11 + ξ1[1 − ξ2]F 12 + [1 − ξ1]ξ̃2F 21 + [1 − ξ1][1 − ξ̃2]F 22 (4.78)

We refer to the ensemble

G2 = {F ij|i, j ∈ {1, 2}} (4.79)

the generation of level-2 laminate deformations(see figure 4.9). Roughly speaking, the description
(4.78) represents a deformation with gradients oscillating among the members of G2, i.e.

F 11, F 12, F 21 and F 22

and with the respective volume fractions

ξ1ξ2, ξ1[1 − ξ2], [1 − ξ1]ξ̃2 and [1 − ξ1][1 − ξ̃2].
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The determinant of acoustic tensor which
is used to check the onset of instability of
the homogeneous deformation is computed
at each level of the rank-one convexification
procedures so as to detect the critical config-
uration for splitting. In view of this, mini-
mum of the determinant of the acoustic ten-
sor for the onset of failure at two consecu-
tive levels, level-0 and level-1 is computed
and the results are compared in figure 4.10.
Since the twinsF 1 andF 2 are piecewise ho-
mogeneous, the failure at level-1 is detected
for F 1 and is compared with that of F (fail-
ure occurs for F at γ = 0.14 while it is at
γ = 0.15 for F 1 )
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Figure 4.10: Comparison of minimum of
detq for splitting of F and further splitting
of F 1.

For an overview on the numerical treatment of oscillation especially those arising in the context of
nonconvex problems, see Chipot(1991). The vectorsN 1,N2 and Ñ 2 normal to the interfaces, that
give optimal spatial orientation of the layers and the vectors a1 a2 and ã2 that denote the relevant
amplitudes of jump of the deformation gradient across the interfaces are computed from stationarity
condition as described in the previous subsection. Then the original deformation F is expressed as
a convex combination of the generation of level-2 variants (4.78) and the corresponding effective
rank-one convexified density which by abuse of notation we write W R2

0 follows from the infimum
of the weighted average of the initial level density W R0

0 evaluated at each of these gradients and is
given by

W R2

0 (F ) = inf{ξ1ξ2W R0

0 (F 11) + ξ1[1 − ξ2]W
R0

0 (F 12)+

[1 − ξ1]ξ̃2W
R0

0 (F 21) + [1 − ξ1][1 − ξ̃2]W
R0

0 (F 22)}. (4.80)

The rank-one compatibility(connectivity) constraint (4.77) and the convex combinations (4.74)
together with the expression (4.76) renders an explicit formula for the computation of each of the
laminate deformations from the original homogeneous deformation F , the vectors and the local
volume fractions as,

F 11 = F + [1 − ξ1]a1 ⊗N 1 + [1 − ξ2]a2 ⊗N 2, F 12 = F + [1 − ξ1]a1 ⊗N 1 − ξ2a2 ⊗N 2

F 21 = F − ξ1a1 ⊗N 1 + [1 − ξ̃2]ã2 ⊗ Ñ 2, F 22 = F − ξ1a1 ⊗N 1 − ξ̃2ã2 ⊗ Ñ 2.

Nonetheless, for a deformation that further decays, this way of writing the average deformation
appears to be inconvenient. This necessitates the introduction of global volume fraction and leads to
a much more convenient and suitable relabeling of the variants that suggests the use of consecutive
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indices which then ushers to express (4.78) as

F =
4∑

i=1

νiF i (4.81)

A global volume fraction ν` is computed from the local volume fraction ξi as

ν1 = ξ1ξ2, ν3 = [1 − ξ1]ξ̃2
ν2 = ξ1[1 − ξ2], ν4 = [1 − ξ1][1 − ξ̃2]

and then the re-indexing of the deformation gradients follows the same pattern as the volume
fractions, namely,

F 1 = F 11, F 2 = F 12, F 3 = F 21 and F 4 = F 22. (4.82)

For a phase decomposition deformation the level-2 solution represents metastable state. Thus, with
the anticipation that the next level can lower the energy further, if the variants of level-2 undergo
phase split, we then have the generation of level-3 laminate deformations

G3 = {F i| i = 1, 2, ..., 8} (4.83)

consisting of eight members with a consequent oscillation of the original deformation gradient
between these members of G3 in an attempt to lower the energy. At every level of splitting the
interface plane is identified with the normal vector N where N is obtained from the minimum of
determinant of acoustic tensor.
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CHAPTER5
Material force method coupled with
continuum–atomistics

We used to think that if we knew one,
we knew two, because one and one are

two. We are finding that we must learn a great
deal more about ’and’.

Sir Arthur Eddington,
The Harvest of a Quiet Eye (A. L. Mackay),
1977

Material forces govern the behavior and evolution of defects in solids. In hyperelastic materials
these forces which are connected to the Eshelby stress tensor are especially well suited to describe
the sensitivity of cracks to propagate.Thereby the question of appropriate growth criteria, i.e. how
far and in which direction a crack will glide under a certain loading condition is implied by the
material force. Since crack propagation begins with a variety of fundamental processes which occur
within a highly localized ultra–fine volume of material that constitute the fracture process zone
surrounding a crack tip where a marked deformation of the crystal lattice including the breaking
of atomic bonds occur, this section is aimed at imbuing the material force method with atomistic
content.

5.1 Spatial interaction forces

The notion of material forces that dates back to the works of Eshelby deals with the mechanics of
defects and singularities, and is concerned with the response to variations of material placements
with respect to the material manifold and represent the tendency of defects to move relative to the
ambient material, as detailed in Steinmann(2000). The translation of defects on the macroscale
is accompanied by significant deformation across several widely different length scales starting
from the rapture of cohesive bonds at the atomic scale, see e.g. Kohlhoff et al.(1991), Friesecke et
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al.(2002) Klein et al.(1998). Since continuum models basically deal with average material prop-
erties on the dominant scale, specific details of the process on the finer scales can not be empha-
sized. Atomistic models provide significant information down to the level of lattice and allow us
to probe the detailed crystalline and defect structures, see e.g. the contribution by Lilleodden et
al.(2003) and the overview by Ortiz and Philips(1999). In view of this, for the appreciation of
the macro(micro)scopic process, a continuum-atomistic framework which is based on energetic
formulations is proposed. To this end therefore, we recall essentials of atomistic modelling in the
context of currently available approximations to the total energy and the use of empirical poten-
tials, compare e.g. Sunyk and Steinmann(2001), Tadmor et al.(1999) and Ortiz and Phillips(1999).
Thus, with the crystallite body in mind, we begin with quantitative description of the total energy

Etot =
∑

i

∑

j>i

φ(rij) (5.1)

where the inner series represents the energy contribution of individual atoms due to interaction
with every other atom in the collection, see e.g. the contribution by Ortiz and Phillips(1999). The
quantity φ(rij) is an empirical potential, the Lennard-Jones pair-potential. The equilibrium separa-
tion denoted r0 is attained when the repulsive core balances the attractive tail of the potential and it
is plain to see that the parameter σ which is the value of the separation at which φ = 0 is a function
of r0. Thus, σ is responsible for setting the length scale of interaction while the other parameter
ε being related to the well-depth of the potential, determines the energy scale. Furthermore, the
spatial interaction force between individual pairs results from the negative gradient of the potential
and is given by

fij = − ∂Eij

∂rij
= − φ′

rij
rij (5.2)

5.2 Material and spatial motion problems
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Figure 5.1: Material motion and spatial motion

We proceed by a review of basic geometrically nonlinear kinematics of the quasistatic spatial (for-
ward), and material (backward) motion problems, see figure 5.1. Thus, if B0 denotes the material
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configuration occupied by a body of interest then the nonlinear deformation mapϕ links a material
placement X ∈ B0 to the corresponding spatial placement x = ϕ(X) ∈ Bt and the associated
deformation gradient

F = ∇X ⊗ϕ(X) (5.3)

renders the spatial motion linear tangent map. Furthermore, the two-point spatial stress tensor is
furnished by

Π t = ∂FW0 (5.4)

with W0 the strain energy per unit volume in the undeformed configuration for hyperelastic material
response, and the push forward of the stress tensor yields the spatial Cauchy stress σ. Likewise, in
the material motion problem Bt denotes the spatial configuration, Φ is the nonlinear deformation
map assigning a spatial placement x ∈ Bt to a material placement X = Φ(x) ∈ B0 and the
corresponding deformation gradient

f = ∇x ⊗ Φ(x) (5.5)

leads to the material linear tangent map. The material two-point stress tensor is given by

πt = ∂fWt (5.6)

and the pull back of this to the material configuration results in the well-known Eshelby ( configu-
rational ) stress tensor

Σt =
1

detf
πt · f t (5.7)

5.3 The Eshelby stress tensor and material interaction forces

For the description of the underlying kinematics by recourse to the Cauchy-Born rule ( as explained
in Ericksen(1984)) we shall relate changes in atomic positions to macroscopic deformation. In
view of this, for an infinite crystal subject to homogeneous deformation, since lattice vectors are
assumed to deform as would material line elements, it follows that the lattice vector rij in the
spatial configuration is obtained from its counter partRij in the material configuration through the
local deformation gradient F as

rij = F ·Rij (5.8)

Consequently, with the assumption that the energy of each atom is uniformly distributed over the
volume V0 of its Voronoi polyhedron, the strain energy density per unit volume in the material
configuration which eventually allows us to compute the energy directly from the atomistic model
takes the format

W0 =
1

2V0

∑

j 6=i

φ(‖F ·Rij‖) (5.9)
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and the continuum ( macroscale ) level spatial motion two-point stress tensor also reduces to

Π t =
1

2V0

∑

j 6=i

fji ⊗Rij. (5.10)

Furthermore, its push-forward results in the spatial Cauchy stress tensor which in terms of atomistic
features is expressed as

σt =
1

2Vt

∑

j 6=i

fji ⊗ rij. (5.11)

and the material motion two-point stress tensor transforms to

πt =
1

2Vt

∑

j 6=i

[ φ(rij)I − Fji ⊗Rij ] · F t (5.12)

where the material interaction force is given by

Fji =
φ′

rij
C ·Rij = −Fij with C = F t · F (5.13)

the right Cauchy–Green tensor. Ultimately,the Eshelby stress tensor is given by

Σt =
1

2V0

∑

j 6=i

[ φ(rij )I − Fji ⊗Rij ] (5.14)

5.4 Material node-point forces
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Figure 5.2: Subdomain with regular and singular boundary, material node point forces

Consider a homogeneous subdomain V0 ⊂ B0 of a continuum material body with crack which is
loaded along the boundary ∂V0 by material surface tractions in terms of the Eshelby stressΣ t with
the reference normalN ( see Figure 5.2 ). Following the definition employed by Steinmann(2000),
the resultant material surface force Fsur acting on V0 is given by

Fsur =

∫

∂V0

Σt ·NdA (5.15)
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Decomposing the boundary into a regular(smooth) and a singular part, with the singular part de-
noting a crack tip

∂V0 = ∂Vr
0 ∪ ∂Vs

0 such that ∂Vr
0 ∩ ∂Vs

0 = ∅,

the material surface force on the continuum can then be given by

Fsur =

∫

∂Vr
0

Σt ·NdA+

∫

∂Vs
0

Σt ·NdA (5.16)

consequently, the quasi-static equilibrium of surface forces renders
∫

∂Vr
0

Σt ·NdA+

∫

∂Vs
0

Σt ·NdA = 0 (5.17)

and the resulting expression in the framework of continuum–atomistics is

Fsur =
1

2V0

∑

j 6=i

∫

∂Vr
0

[ φ(rij )I − Fji ⊗Rij ] ·NdA + Fsur ,s = 0 (5.18)

where the last equality results from the statement of quasistatic equilibrium of material forces for
the subdomain and the first equality is the consequence of disjoint union of the boundary. Taking
into account the decomposition of V0 into disjoint union, the resulting material force acting on the
singular boundary is given by

Fsur,s = − 1

2V0

∑

j 6=i

∫

∂Vr
0

[ φ(rij )I − Fji ⊗Rij ] ·NdA (5.19)

Subsequently, the versatile vectorial J-integral which coincides in the limiting case with the above
material force appears as

J = lim
∂Vr

0
→0

1

2V0

∑

j 6=i

∫

∂Vr
0

[ φ(rij )I − Fji ⊗Rij ] ·NdA = −Fsur ,s (5.20)

Eventually, following the standard Galerkin type discretization procedure (see Steinmann et al.(2001))
for a comprehensive overview ), the discrete material node-point force is given by

Fh
sur,K =

nel

A
e=1

{ 1

2V0

∑

j 6=i

∫

Ve
0

[ φ(rij )I − Fji ⊗Rij ] · ∇XN
kdV

}
(5.21)
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5.5 Numerical examples

This section offers a perspective on the applications which have been made possible by our coupled
continuum atomistic model. Thus, for illustrative purposes first we present computations regarding
crack extention i.e. a cracked disk in tension and a central crack in rectangular sheet under tension,
next to these illustrations we present investigations concerning the evolution of morphology of an
inclusion in the context of finite elements. Finally, with the intention to establish a connection be-
tween defect mechanics and constitutive microstructures, we shall consider microscopic processes
and their evolution that are taking place beneath the observed macroscopic phenomenology. Ev-
idently, one of the areas in which such observation seems to be important is the cohesive zone
in front of the crack tip in which a conventional continuum mechanics statement of the boundary
value problem of interest is supplemented by constitutive laws governing the decohesion. In view
of this, a computation relating stress to bond stretching deformations based directly on atomistics
is presented.

5.5.1 Crack extension

We consider a fracture mechanics specimen with initial crack. The stress state and the correspond-
ing computed discrete material node point force is depicted in the adjacent figure pointing opposite
to the direction of potential energy decrease i.e. in other words, it points opposite to the direction
of crack growth and its magnitude is proportional to the energy release in the process of gliding.

Figure 5.3: Stress and material force

Next, we consider a center cracked fracture mechanics specimen in tension i.e. a central crack
in a rectangular sheet under tension. Because of symmetry focusing only on one of the tips, the
adjacent figure shows the computed discrete material node point force associated with the crack-tip
on the right side. Thus, the growth of the crack is in the direction opposite to the material force, in
other words, the replacement of the material position of the crack-tip node point that enlarges the
crack length corresponds to a decrease of the potential energy.
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Figure 5.4: Stress depicted in the first figure and material force seen in the second figure

5.5.2 Morphology of a void

Now, we consider a specimen with a circular void in tension. Here, the computed discrete mate-
rial node point forces mark the interface between the inclusion and the bulk material, furthermore,
these forces point in the direction of a potential energy increase upon replacement of the material
node point position. Thus, indicating the growth of the inclusion into an ellipse with major axis co-
inciding with the dominant discrete material forces thereby suggesting the morphological change
of the specimen in the direction opposite to the material forces and hence the shape of the resulting
new surface.
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Figure 5.5: Stress depicted in the first figure and material force seen in the second figure corre-
sponding to morphology of a void
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5.5.3 Effect of length scale of interaction

As has already been mentioned, the parameters σ and ε of the Lennard Jones potential being con-
nected to the length and energy scale respectively, are responsible for the nature and strength of
interactions and hence determine the properties of the crystal under consideration. In what follows,
the length scale is allowed to vary while the energy scale is kept fixed. Evidently, stresses are
shown to be significantly elevated with the increase in length scale, that is, varying σ. But since
the stress is restraining type, one can view the effect as hardening/softening of the crystal.
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Figure 5.6: Stress corresponding to σ = 0.286 in the first figure and material force seen in the
second figure corresponding to σ = 0.318

Relating the volume elements dV0 ⊂ B0 and dVt ⊂ Bt by appeal to the material volume ratio J =
DetF and using the Piola transformation the spatial Cauchy stress is related to the Eshelby stress
Σt, thus affecting the integrand in the expression for Node-point forces (5.21).

The next figures show superposed material forces corresponding to the above stress comparison
for crack growth and evolution of morphology of inclusion. It is revealed from the computation
that the material force corresponding to higher stress has smaller magnitude compared to the one
resulting from low stress state and recalling that the norm of material force is proportional to the
energy release in the process of crack extension, it follows that the longer the material force the
higher the energy release. To provide physical origin and render appropriate atomistic interpre-
tation, we identify the equilibrium separation r0 with the atomic bond length and observing that
increasing σ is the same thing as enlarging such a length, it is straightforward to see that shorter
bond corresponds to higher energy, which is in agreement with the fundamental theory of atomic
bonds that states, shorter bonds are stronger than longer ones and hence the cost of breaking them
is higher than that of the corresponding longer bond of the same atom in terms of energy.
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Figure 5.7: Comparison of material force corresponding to crack extension and morphology of a
void for different values of the parameter, i.e. σ = 0.286 / 0.318

Considering a cohesive zone ahead of the crack, postulating that the influence of atomic attractions
is representable as a restraining stress acting on the separating surfaces and hence on the atoms,
based on what is happening to the interaction forces one may investigate the nature of stress(force)
when the atoms at the crack tip can be considered pulled apart, consequently out of range of their
equilibrium. Thus, the next figure (figure 5.8) which depicts interaction force versus interatomic
separation indicates the change(rise and fall) of force with bond length and reveals the variation of
force with atomic separation.
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Figure 5.8: Interaction force /vs atomic separation
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CHAPTER6
Summary and Conclusions

For the truth of the conclusions of physical science,
observation is the supreme Court of Appeal. It does

not follow that every item which we confidently accept
as physical knowledge has actually been certified by the
Court; our confidence is that it would be certified by the
Court if it were submitted. But it does follow that every
item of physical knowledge is of a form which might
be submitted to the Court. It must be such that we can
specify (although it may be impracticable to carry out)
an observational procedure which would decide whether
it is true or not. Clearly a statement cannot be tested by
observation unless it is an assertion about the results of
observation. Every item of physical knowledge must
therefore be an assertion of what has been or would be the
result of carrying out a specified observational procedure.

Sir Arthur Eddington(1882 - 1944),
The Philosophy of Physical Science, 9–10 (1958)

The Cauchy-Born rule which serves as a bridge linking lattice to the continuum has a central place
in continuum-atomistic modelling. This rule for monatomic lattice paraphrased, all the atoms in
a lattice consisting of identical atoms follow small affine deformation prescribed on the boundary,
is studied in chapter 3 in the context of lattice statics with simple shear deformation applied to a
finite lattice. An elaboration of this rule as applied to a mode-I crack problem in the framework of
standard Galerkin type finite elements is treated in chapter 2 whereby a homogeneous deformation
F is applied to the underlying lattice at a quadrature point. The Cauchy-Born rule facilitates the
incorporation of atomistic level information to the continuum which includes inheriting symmetry
of the underlying lattice structure and periodicity. In this work, we reviewed a formulation of the
hybrid continuum atomistic approach as based on the Cauchy–Born rule by way of substituting the
phenomenological macroscopic strain energy density by the atomistic energy function emanating
from direct atomistic considerations, thus, providing an overview as to how atomistics can inform
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macroscopic continuum descriptions for crystalline material in the context of the mechanics of
continua. In modelling material properties, nonconvex stored energy densities arise oftentimes due
to either material symmetry or phase transition which inevitably leads to loss of ellipticity of the
corresponding boundary value problem. If loss of ellipticity is due to symmetry, the minimizers
of total energy of the continuum coincide with the natural states of the solid with different phases.
Moreover, under this circumstance we can have a number of minimizers thereby violating the
uniqueness of the solution in this case. On the other hand, in the event that loss of ellipticity is
caused by phase transition, since during the transition process some wells associated to various
phases which are usually metastable arises, the corresponding variational problem may have no
solution. Physically, the nonexistence of solution is associated to microstructure formation. Which
ever is the cause, i.e. be it due to symmetry or phase transition, materials energetically prefer
states with minimal energy configurations and the approximation of such minimizers can be made
through sequential lamination as covered in chapter 4. In this setting, in order to lower its energy
a crystal adopts a mixture of phases and sequential lamination allows for separation of different
phases by interfaces with suitable orientation where the requisite optimal orientation is rendered
by the vector N . N is the vector normal to the interfacial plane which can be obtained from
the vanishing determinant of the acoustic tensor q. Since N is associated with the equilibrium
solution(minimum) it has to satisfy the stationarity equation with respect to all the variables. Thus
in this regard, with the assumption of sufficient smoothness of the strain energy density function W0

stationarity with respect to the amplitude of the deformation jump a yields the traction equilibrium
equation

[|Π t|] ·N = 0 (6.1)

with [|Π t|] ·N =: f(ξ,a) a nonlinear function of ξ and a.

From a geometric standpoint, one can characterize the evolving phases beginning with the require-
ment of continuity across an interface. The relevant constraint often called rank-one compatibility
condition rests primarily on the assumption that across the interface plane(determined by a normal
N ) between the phases associated to the gradients F 1 and F 2 whether one uses F 1 or F 2 to de-
scribe deformation of the points on the interfacial plane the result will be the same. Indeed, this is
evident from the following observation. Since for a position vector Ri of an atom in the interface
plane the contractionN ·Ri = 0, it follows that the contraction of the tensor a⊗N withRi also
gives 0. Consequently,

[F 2 + a⊗N ] ·Ri = F 2 ·Ri (6.2)

Thus, for a deformation gradient F 1 given by the expression

F 1 = F 2 + a⊗N (6.3)

we obtain

F 1 ·Ri = F 2 ·Ri (6.4)
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The all-important implication of the rank-one compatibility constraint is the kind of splitting plane
between various phases and hence the type of twin pairs that can coexist. Supposing that a body
deforms in two states specified by the deformation gradients F 1 and F 2, enforcing the condition
of rank-one compatibility across an interface plane makes it possible to construct a continuous
piecewise affine deformation consisting of a mixture of layers. In problems where various phases
arise due to the underlying crystal symmetry, these gradients can be determined from the wells
on the energy landscape. However, in situations such as those associated with phase transforming
materials where it is not possible to construct such a deformation at ease due to local minima, the
usual procedure is sequential approximation of twins until the ground state of energy is achieved.
Indeed, this is the basic assumption on which sequential lamination is founded and furthermore all
that one is doing with the rank-one convexification algorithm is exactly this.

The sequential lamination (rank-one convexification) algorithm which calls for rank-one compat-
ibility constraint at each step is essentially a partial relaxing technique that provides twin defor-
mations corresponding to metastable state each time. On top of (6.1), at each level the twins are
expected to satisfy the configurational equilibrium equation

[|W0|] − a ·
〈
Π t

〉
·N = 0 (6.5)

that results from the optimality condition with respect to the volume fraction ξ, where [|W0|] denotes
the jump in the energy density and

〈
Π t

〉
is the average of the stress function.

The homogeneous equations (6.1) and (6.5) constitute nonlinear systems in ξ and a(the amplitude
of the deformation jump). Hence, the optimal values of ξ and a are determined from these coupled
system of equations iteratively. Furthermore, the computation at any level-k remembers only the
most recent past, just the preceeding step and proceeding to the next step of lamination is decided
based on the singularity of the acoustic tensor. However, the relative stability of the underlying
structure can be judged on the basis of stress computation in the current generation of laminate,
i.e. the Frobenius norm of the first Piola-Kirchhoff stress tensor can be computed and the laminate
deformation is regarded as equilibrium deformation if this norm vanishes.

In chapter 5, we presented computational results of prototype examples in connection with the no-
tion of material force applied to examination of defects at the atomic level. One of the important
recognitions that stands at the foundation of this work is the process of linking the continuum and
microscopic perspectives i.e. a framework that connects macroscopic response with microstruc-
tural details of a deforming crystal. Indeed, incorporation of atomistic level data so as to inform
continuum descriptions of a deforming crystal for the purpose of examining defect structures is
formulated and subsequent association of the insights gleaned from atomistics to assess the evo-
lution of defects with applied deformation are emphasized through examples dealing with crack
problems and evolution of morphology of a void which are typical model problems that involve
multiscale systems. In all the computations an fcc type crystal is considered and the simulation is
restricted to the (111)-plane.
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APPENDIXA
Transformation of bases

In what follows, we shall show that lattice structure is described by a basis of lattice vectors that
can be chosen in infinitely many ways. To this end, we first fix a Cartesian coordinate system with
origin at one of the atoms and consider any two arbitrary bases. Thus, if we take

B = {a1, a2, a3} and B̂ = {â1, â2, â3}
to be two distinct generators(bases) of lattice, by the hypotheses that B constitutes a basis, every
member of B̂ can be expressed as a linear combination of elements ofB, and hence one can write
B̂ = Q ·B

Since B is a basis, it follows thatB−1 exists

this leads to B−1 · B̂ = B−1 ·Q ·B
consequently det(B−1 · B̂) = det(B−1 ·Q ·B)

= det(B−1)det(Q)det(B)
= 1

det(B)
det(Q)det(B)

= det(Q)

Claim ! Q is orthogonal
On the one hand
B̂ = Q · B impliesQ = B̂ · Bt

On the other hand

r2
0I = B̂ · B̂t xxxxxxxx

= Q · B · Bt ·Qt xxxxxxxxx
= r2

0Q ·Qt xxxxxxxx
Hence Q ·Qt = I xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

In similar fashion

Qt ·Q = I
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From which we get

Q ·Qt = I = Qt ·Q
And hence

det(Q ·QT ) = det(I) = 1
leads to det(Q) = ±1

Consequently

det(B−1 · B̂) = ±1

This proves that,M = B−1 · B̂ is an isomorphism.

Showing that
B−1 · B̂ ∈ GL(Z3)

Thus, B and B̂ generate the same lattice. In other words, the lattice is independent of the choice
of basis, i.e. basis invariant.
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APPENDIXB
Geometric compatibility

Phase transition in crystalline solids often leads to the development of characteristic microstructural
features involving fine mixtures of phases and in some cases such feature is a plane interface that
separates one homogeneous phase from another. Thus, supposing that for energetic reasons a body
prefers to deform, say in two states specified by homogeneous deformation gradients F + and F−,
to make it possible to construct a continuous piecewise affine deformation consisting of layers
having deformation gradients F +/F−/F+/F− . . ., geometric compatibility needs to be satisfied
across an interface separating regions deformed with gradients F + and F−.

PSfrag replacements
F+

F−

X(ζ)
x(ζ)

N

X ′

ϕ

Figure B.1: Two-phase deformation

Consider a curve X=X(ζ) contained in the interface(surface) in the reference configuration with
ζ parameterizing the curve. The image of this curve under the deformation map ϕ is given by

x = ϕ(X) = ϕ(X(ζ))
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and a tangential vector to the curve in the current configuration is given by

dϕ (X (ζ))

dζ
= F ·X ′

where

X ′ =
dX

dζ
.

In order that the crystal maintain its continuity across the interface between the two transformed
regions, the tangent vector X ′ should have one and only one image at the interface. This leads to
the equality

F+ ·X ′ = F− ·X ′

The physical meaning of this is, whether we approach the interface(plane/surface) from the ,+’ or
,-’ part, when we reach there, prescription for displacing a tangent vector will be the same. This
implies that

[F+
−F−] ·X ′ = [[F ]] ·X ′ = 0

Since this is true for all vectors tangent to the interface, it follows that [[F ]] takes the form

a⊗N

where N is the unit normal conventionally pointing from the region that deforms with F − to the
one that deforms with F + and the vector

a = [[F ]] ·N

is called amplitude of the jump of the deformation gradient F .
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APPENDIXC
Multi-well structures of W0 based on Lennard
Jones potential

We will show that strain energy density as a function of atomic positions can never be convex. We
consider the normalized density , that is, W0 ≥ 0.

W0(F ;Rij) = Eint/V = 1
2V

∑

j 6=i

φ(||rij||) = 1
2V

∑

j 6=i

φ(||F ·Rij||)

= 1
2V

∑

j 6=i

4ε

[(

σ

||F ·Rij ||

)12

−
(

σ

||F ·Rij ||

)6]

= 1
2V

∑

j 6=i

4ε

(

σ

||F ·Rij ||

)6[(

σ

||F ·Rij ||

)6

− 1

]

= 2ε
V

∑

j 6=i

σ6

||F ·Rij ||6

[(

σ

||F ·Rij ||

)4

+

(

σ

||F ·Rij ||

)2

+ 1

][(

σ

||F ·Rij ||

)2

− 1

]

= 2ε
V

∑

j 6=i

σ6

||F ·Rij||6
[

σ2

||F ·Rij||2
[

σ2

||F ·Rij||2
+ 1

]

+ 1

]

︸ ︷︷ ︸

:= κ(||F ·Rij ||)

[

σ2

||F ·Rij ||2
− 1

]

= 2ε
V

∑

j 6=i

κ(||F ·Rij||)
[(

σ

||F ·Rij ||

)2

− 1

]

Obviously, κ(F ·Rij) > 0 for all F and allRij and hence,

W0(F ;Rij) = 0 ⇐⇒
(

σ

||F ·Rij ||

)2

− 1 = 0

⇐⇒ ||F ·Rij|| = σ
⇐⇒ F ·Rij · F ·Rij = σ2

⇐⇒ Rij · F t · F ·Rij = σ2

⇐⇒ F t · F ·Rij = σ2 Rij

||Rij ||2

⇐⇒ F t · F = σ2Rij⊗Rij

||Rij ||4
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This shows that the normalized strain energy density W0 assumes its minimal value(which is zero
in this case) for a given deformation gradient F whenever its right Cauchy-Green tensor satisfies

C = σ2Rij ⊗Rij

||Rij ||4

From the dependence on the indices, it follows that the number of zeros in the energy landscape
depends on the number of atoms that are taking part in the simulation process. Consequently W0

has multiple well structure.
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