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Abstract

This thesis focusses on the theory of materials with defects introduced by John D. Eshelby in
the 50s and the 60s, which today we call Configurational Mechanics or, in his honour, Eshelbian
Mechanics. The thesis consists of four interconnected parts. The first part is dedicated to the
relation between two of Eshelby’s developments: the energy momentum tensor (or Eshelby stress
tensor), describing the net force on a defect, and the Eshelby fourth-order tensor, which relates
the strain in an inclusion in an otherwise homogeneous and isotropic matrix to the virtual strain
(transformation strain) defining the geometrical misfit between inclusion and matrix, within the
theory of small deformations. The second part of the research was prompted by the fact that,
although the relation between Eshelby’s inclusion problem (Eshelby, 1951, 1975) and Noether’s
theorem has been mentioned in literature, no explicit relation has ever been given, to the best
of our knowledge. In a framework based on modern differential geometry, it is shown that the
application of Noether’s theorem allows for straightforwardly obtaining the classical results by
(Eshelby, 1951, 1975). The third part of the thesis aims at investigating the work of Eshelby
(1951, 1975) on configurational forces and of Noll (1967) on material uniformity within a general
framework including thermo-elasticity, volumetric growth inertial effects, in which the divergence
of the Eshelby stress is called the Eshelby force. A differential identity is obtained for the modified
Eshelby stress, which includes, as a particular case, the identity found by Epstein and Maugin
(1990). Moreover, a differential identity is obtained for what is called the modified Eshelby power,
representing the time counterpart of the Eshelby force. Then, a relation between the modified
Eshelby force and the modified Eshelby power is derived in the dynamical case. Finally, based
on the results obtained in the previous parts of the research, a large-deformation counterpart is
proposed of the imagined procedure that Eshelby (1957) used to investigate the theory of inclusions
in the case of infinitesimal deformations. A mixed multiplicative decomposition of the deformation
gradient, in terms of the Bilby-Kroner-Lee and the Noll-Epstein-Maugin decompositions allows

for obtaining the large-deformation fourth-order Eshelby tensor, a novel result.
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Chapter 1

Introduction

The masterly work by Eshelby (e.g., 1951, 1957, 1961, 1975) in the mechanics of materials with
defects has turned out to be of fundamental importance since at least the 1960s. In his classical
paper, Eshelby (1951) applied the methods of Classical Field Theory (e.g., Landau and Lifshitz,
1939) to Elasticity and introduced an energy-momentum stress tensor that was completely material,
as opposed to the Cauchy stress, which is completely spatial, and to the first Piola-Kirchhoff stress,
which has a spatial “leg” and a material “leg”. Eshelby’s energy-momentum stress tensor has been
subsequently extensively studied in the context of a completely material mechanics, which is now
called Configurational Mechanics or Eshelbian Mechanics, and has been called Eshelby stress by

Maugin and Trimarco (1992). In our notation, the Eshelby stress reads
¢c=wIT-F'P, €8 =we,B-Fyp,B, (1.1)

where W is the elastic energy density per unit reference volume, I is the (material) identity tensor,
F is the deformation gradient and P is the first Piola-Kirchhoff stress.

Eshelby (e.g., 1951, 1975) showed that the divergence of the energy-momentum stress tensor
represents a material force density, which is directly related to the presence of inhomogeneities
in the body. Indeed, the integral of the divergence of the energy-momentum tensor over a region

containing a defect is the net material force acting on the defect. This force is called a configurational



force and can be thought of as the “price to be paid” to create a change in a certain configuration, e.g.,
by “inserting” a defect in an otherwise homogeneous material, or to create a different configuration
in which the defect has been displaced with respect to an existing configuration. In this sense, the
Eshelby stress is seen as the object that captures inhomogeneities and singularities (e.g., Gurtin,
1995; Epstein and Maugin, 2000; Epstein and Elzanowski, 2007; Verron et al., 2009; Maugin, 2011).
The close relationship between the configurational force and Eshelby stress has been employed and
differently interpreted by several authors.

Gurtin (1995) followed the work by Eshelby (1951) on lattice defects, which identifies configu-
rational forces as those forces able to explain the internal structure of a material, and mentioned that
Eshelby’s ideas were hinted at by Gibbs (1878) in his work on the equilibrium of heterogeneous sub-
stances. Furthermore, Gurtin (1995) clarified the difference between standard and configurational
forces: the former describe the response of the body to deformation of the material points, and the
latter the response to changes in the internal structure. In the picture provided by Gurtin (1995),
whereas standard forces are compatible with the balance laws of linear and angular momentum, the
configurational forces obey to an independent balance law. Moreover, Podio-Guidugli (2002) re-
marked how standard forces are not adequate to describe the body’s response to the evolution of the
material structure, and illustrated how the configurational force has to be taken into consideration
in order to get a full picture of the body’s response.

A point of view that is some respects is very different has been taken by Maugin, in a series
of works starting from that by Maugin and Trimarco (1992) (see, e.g., the book by Maugin, 2011,
for a comprehensive list of the works by Maugin and collaborators in this area). Maugin and
Trimarco (1992) showed how, for the elastic case, the configurational force and Eshelby stress can
be retrieved by a pull-back of the (covector) equation of the balance of linear momentum. This
point in particular has been long debated (Maugin, 2006), as it is in contrast with the view proposed
by Gurtin (1995), according to which of configurational forces are totally independent from the

balance of standard forces.

Among the other streams of research starting from Eshelby’s pioneering works, the second one



on which we will concentrate is that of the problem of the inclusion in a homogeneous matrix.
Eshelby (1957) studied the elastic field (intended as the collection of the displacement, strain and
stress) on an ellipsoidal inclusion in an isotropic elastic matrix. Three cases can be devised (e.g.,
Balluffi, 2012): i) inclusion with geometrical misfit and same material properties of the matrix (or
“homogeneous inclusion”, as it is often called in the literature), ii) inclusion with no geometrical
misfit but different elastic properties than the matrix (or “inhomogeneous inclusion™), and iif)
inclusion with both geometrical misfit and different elastic properties than the matrix (or “general
inclusion™).

Briefly, Eshelby imagines to have an ellipsoidal cavity in the body. The shape of this cavity
is mapped into a new shape by means of a transformation strain: this determines the geometrical
misfit (or the geometrical misfit equivalent to a misfit in material properties) of the inclusion. Then
the new shape is assigned material properties (either the same of the matrix or different ones), and
subjected to surface tractions, so that it is deformed until it exactly matches the original shape of
the cavity in the body. Once the inclusion is put back and welded into the cavity, the tractions
are released and the inclusion and the matrix are allowed to relax elastically, thereby attaining
a cancelling strain (which is discontinuous at the inclusion-matrix interface). For an ellipsoidal
inclusion, this procedure can be studied in terms of a fourth-order tensor S, now commonly called
Eshelby tensor (e.g. Weng, 1990), which maps the transformation strain €* into the cancelling strain

GCZ

€ =5S:€, € =Sijue (1.2)

We emphasise here that Eshelby’s fourth-order tensor S can be readily defined for an isotropic
matrix. Since the ellipsoidal inclusion can describe several cases, ranging from cracks (extremely
oblate ellipsoid) to fibres (extremely prolate ellipsoid), this approach has been used widely in the
literature on linear composite material with inclusions (e.g., Walpole, 1966a,b, 1969; Tandon and

Weng, 1984; Weng, 1990; Federico et al., 2004), in order to find the overall properties starting from



the properties of the individual constituents.

This thesis was originally motivated by:

1. The lack of an explicit relation between Eshelby stress and Eshelby fourth-order tensor in the

case of small deformations, even in Eshelby’s original works (e.g., Eshelby, 1951, 1957);

2. The lack of a large-deformation counterpart of Eshelby’s treatment of the ellipsoidal inclusion
in terms of the fourth-order tensor; the only attempt we are aware of was that by Nemat-Nasser

(1999), but we believe that this work may be affected by some technical issues.

Thus, the intention was to work on a discrete inclusion, which would eventually be set to be
ellipsoidal.

The first goal was in fact achieved in the paper.

Alhasadi, M.F., Federico, S., 2017. Relation Between Eshelby’s Tensor and Stress

within an Ellipsoidal Inclusion, Acta Mechanica, 228, 1045-1069

in which we found the relation between the two Eshelby tensors in the inferior of an ellipsoidal

inclusion, in all three cases of “homogeneous”, “inhomogeneous” and “general” inclusion.
However, the path to the second goal, i.e., extending the theory of the ellipsoidal inclusion to

large deformations, was harder that initially expected. In order to overcome the various difficulties

that we encountered, we first reinterpreted Eshelby’s variational treatment of the defect problem

(Eshelby, 1975) in the light of Noether’s theorem. This resulted in the paper

Federico, S., Alhasadi, M.F., Grillo, A., in press. Eshelby’s Inclusion Theory in
the Light of Noether’s Theorem, Mathematics and Mechanics of Complex Systems,
manuscript 190206-Federico, submitted 2019-02-06, accepted with revisions 2019-
04-12, resubmitted 2019-06-15, accepted in final form 2019-08-18

in which we showed how a straightforward application of Noether’s theorem yields all of Eshelby’s

results on the configurational force, the inhomogeneity of the elastic energy and the imagined

4



procedure of “repositioning” of the defect. Then, it was necessary to enrich our treatment by
incorporating the theory of continuously distributed defects, stemming from the work by Noll
(1967), whose relation with the original work by Eshelby (1951) was shown by Epstein and Maugin
(1990). Noll’s theory expresses the inhomogeneity of a material body as a “remapping” of the
neighbourhoods of each point, which creates residual stresses. This is in fact equivalent to Eshelby’s
material force, which arises whenever the material is inhomogeneous. We extended the work by

Epstein and Maugin (1990) to the dynamical thermomechanical case in the paper

Alhasadi, M.F., Epstein, M., Federico, S., 2019. Eshelby Force and Power for Uniform

Bodies, Acta Mechanica, 230, 1663-1684

With the tools employed in these two works (i.e., a precise explanation of Eshelby’s thought
experiment and the correct multiplicative decomposition that describes it, in Federico et al., 2019;
Alhasadi et al., 2019, respectively), it was then possible to return to the case of the discrete inclusion
and to successfully extend Eshelby’s work on the ellipsoidal inclusion (Eshelby, 1957) to the case

of large deformations. This resulted in a manuscript that has recently been submitted:

Alhasadi, M.F., Federico, S., Eshelby’s Inclusion Problem in Large Deformations,

Proceedings of the Royal Society Series A, submitted 2019-11-03

The four papers on which this thesis is based reported in Chapters 2-5:

Chapter 2, based on Alhasadi and Federico (2017);

Chapter 3, based on based on Federico et al. (2019);

Chapter 4, based on Alhasadi et al. (2019);

Chapter 5, based on Alhasadi and Federico (2019).

In Chapter 6, we summarise each of the four main chapters of this thesis and discuss the possible

future work.



Chapter 2

Relation Between Eshelby’s Tensor and

Stress within an Ellipsoidal Inclusion

This chapter is based on Alhasadi and Federico (2017)

The work by Eshelby (1951, 1957, 1961, 1975) in the mechanics of materials with defects has
turned out to be of fundamental importance since at least the 70s. We are particularly interested in
two developments of Eshelby’s work: the “material” mechanics that arises from the study of what
Eshelby called the energy-momentum tensor, and the problem of the ellipsoidal inclusion.
Eshelby (1951) studied the theory of the configurational force on a singularity and showed
that this force can be expressed in terms of the surface integral of the tractions caused by the
energy-momentum tensor as shown in Eq. (2.21). This configurational force is the “driving force”
for the repositioning of a defect or, in other words, the “price to pay” to reposition a defect within an
otherwise homogeneous matrix. Eshelby’s energy-momentum tensor has been subsequently called
Eshelby stress by Maugin and Trimarco (1992), and this is the terminology we use here. The Eshelby
stress (or the closely related Mandel stress) is seen as the object that captures inhomogeneities and
singularities (e.g., (Gurtin, 1995; Epstein and Maugin, 2000; Epstein and Elzanowski, 2007; Verron
etal.,2009; Weng and Wong, 2009; Maugin, 2011)), or the “driving force” of phenomena of material

evolution such as plasticity and growth-remodelling (e.g., (Maugin and Epstein, 1998; Epstein and



Maugin, 2000; Cermelli et al., 2001; Epstein, 2002; Imatani and Maugin, 2002; Grillo et al., 2003,
2005; Epstein, 2009, 2015; Grillo et al., 2016, 2015)), or phase transitions, or evolution of the
interfaces among phases (e.g., (Gurtin, 1986, 1993; Gurtin and Podio-Guidugli, 1996; Fried and
Gurtin, 1994, 2004)).

Among the other streams of research starting from Eshelby’s pioneering works, the second one
on which we shall concentrate is that of the problem of an inclusion in a homogeneous matrix.
Eshelby (1957) described an inclusion with geometrical misfit with the matrix by introducing a
transformation strain (sometimes called eigenstrain). Moreover, he showed that, for an ellipsoidal
inclusion for which the geometrical misfit is given by a uniform transformation strain, the stress
and strain fields inside the inclusion are uniform. Eshelby (1957, 1961) solved both the case
of an ellipsoidal inclusion with misfitting geometry and same material properties as the matrix
(homogeneous inclusion), and of an inclusion with misfitting material properties (inhomogeneous
inclusion), by means of a method based on a fourth-order tensor that relates the cancelling strain
in the inclusion (i.e., the strain that allows the inclusion to elastically “relax” within the matrix)
to the transformation strain defining the geometrical misfit (an equivalent method for isotropic
inclusions has been proposed by Knops (1964)). This fourth-order tensor is commonly referred
to as the Eshelby (fourth-order) tensor or Eshelby’s S-tensor. Since the ellipsoidal inclusion can
describe several cases, ranging from cracks (extremely oblate ellipsoids with null elasticity tensor)
to fibres (extremely prolate ellipsoids), this approach has been used widely in literature on linear
composite material with inclusions (e.g., (Walpole, 1966a,b, 1969; Tandon and Weng, 1984; Weng,
1984, 1990; Ru et al., 2001; Federico et al., 2004; Kim et al., 2008)), in order to find the overall
properties starting from the properties of the individual constituents (equivalent methods for this
problem have been proposed, e.g., by Hill (1965)).

As mentioned above, a key point of Eshelby’s method for the ellipsoidal inclusion (Eshelby,
1957) is that, if the transformation strain (which defines the geometrical misfit) is uniform, the
resulting stress and strain field inside the inclusion are uniform. In two dimensions, this naturally

occurs for an elliptical inclusion. In addition, Eshelby (1961) conjectured that this condition holds,



under any remote loadings, exclusively for ellipsoidal inclusions. Rodin (1996) and Markenscoft
(1997) showed that it is indeed impossible to obtain a uniform stress field within a polygonal (in the
plane) or a polyhedral (in space) inclusion. By means of complex variable approaches, Sendeckyj
(1970) and Ru and Schiavone (1996) proved a stronger version of Eshelby’s conjecture for the
cases of plane elasticity and anti-plane shear elasticity, respectively. The situation is summarised
by Kang and Milton (2008): the weak Eshelby’s conjecture holds for any remote loadings, and
the strong one for a single remote loading.Kang and Milton (2008) and Liu (2008) proved a weak
version of the conjecture, whereas Ammari et al. Ammari et al. (2010) proved a version of the
conjecture in between the weak and the strong ones. Finally, we note that, in the non-linear elastic
case, under some specific conditions, the first Piola-Kirchhoff stress is uniform for an inclusion of
arbitrary shape (Ru et al., 2005; Kim et al., 2008).

It is somewhat surprising that there is virtually no intersection between these two fields of
research, although both arise from Eshebly’s work. On the one hand, we have a group of researchers
who work on inhomogeneity theory utilising the Eshelby stress as a prime tool and, on the other hand,
we have another group of researchers who work on the similar problem of ellipsoidal inclusions in
a homogenous matrix utilising the Eshelby fourth-order tensor. Even in Eshelby’s original works
(e.g., Eshelby, 1951, 1957)), there seems to be no obvious relationship between the two. Therefore,
the objective of this paper is to study the relationship between the Eshelby stress and the Eshelby
fourth-order tensor within an ellipsoidal inclusion, for the case of small deformations and linear
elasticity.

The motivation for this work is twofold. First, if the Eshelby stress in an inclusion can be found
directly from the geometrical characteristics of the system, the elastic properties and the external
loads, then one can immediately find the net (configurational) force on the inclusion. For the case
of the ellipsoidal inclusion, the components of the Eshelby fourth-order tensor are well known
(see, e.g., (Eshelby, 1957; Qiu and Weng, 1990)) and provide all details about the geometry (up to
the transformation strain). This could be particularly useful for composite materials reinforced by

ellipsoidal or fibre-like inclusions, which have traditionally been studied with Eshelby’s method.



Second, we believe that it is important to explicitly show the relation between these two important
streams of Eshelby’s work, from the epistemological point of view. In passing, we shall attempt to
present the relevant theory that is already known in an organic manner, hoping that it can be found

to be useful in a didactic setting.

2.1 Theoretical Background

In this section, we elucidate the notation that we employ and report some fundamental results
relevant to this work. Although we shall generally use index-free notation throughout the following
sections, sometimes it will be useful to work in index notation. Therefore, here we present most
expressions in both notations. In index notation, the customary summation convention for repeated
indices is enforced throughout and a subscript preceded by a comma, as in f;, denotes partial
differentiation with respect to the i-th variable or, more rigorously, the directional derivative with
respect to the i-th basis vector e;, i.e., fi = 0., f = 0f/0x;. We work in a Cartesian setting, so
we do not distinguish between partial and covariant derivatives, and between contravariant and

covariant indices.

2.1.1 General Relations

We work in the small-displacement setting and therefore we do not distinguish the reference and
current configurations of a body B. Given a displacement field # on the body B, the displacement
gradient is defined as

h = grad u, hij = Ui j, (21)

and can be decomposed into its symmetric and skew-symmetric parts as

€= % (h + hT) ) €j = % (Mi,j + Mj,i), (2.2a)
0=3 (h - hT), @ij = 5 (uij —uji), (2.2b)



where the superscript 7' denotes transposition, € is the infinitesimal strain tensor and ¢ is the
infinitesimal rotation tensor.

If inertia is neglected (static or quasi-static case) and in the absence of external volume forces,
the balance of linear momentum for a continuum body states the vanishing of the divergence of the
(Cauchy) stress tensor, i.e.,

divo=0, o, =0. (2.3)

For a linear elastic body, the stress o is related to the infinitesimal strain € via the linear elasticity
tensor L, i.e.,

o=L:g¢ oij = Lijki €k, 24)

where the colon “:”” denotes double contraction (in this case, of the last two legs of L and the two
legs of €). The elasticity tensor enjoys both major (or diagonal) and minor (or pair) symmetries,

i.e., for every second-order tensors a and b,

a:L:b=>b:L:a, Lijxi = Lisij, (2.5a)

a:L:b=a’:L:b=a:L:b" =a" :L:b", Lijxi = Ljiki = Lijie = L. (2.5b)
The elastic energy density per unit volume of linear elasticity is the quadratic form

. _ 1 _1
. €, w = 3 0ij € = 3 €ij Lijkl €kl .- (2.6)

s
Il
=
Q
m
Il
D=
m
&

Note that, because of the symmetry of the (Cauchy) stress o and the minor symmetry of the
elasticity tensor L, it is equivalent to express the elastic energy w as a function of the strain € or of
the displacement gradient &, whose skew-symmetric part ¢ is “filtered” by the double contraction

with o or L, i.e., we can write Eq. (2.4) in the alternative form

o=L:h, oij = Lijkt his (2.7)

10



and Eq. (2.6) in the alternative form
W:%O'ih:%hiLih, W:%O-ijhij:%hijLijklhkl- (28)

Given a certain elasticity tensor L, the terminology elastic field X denotes the collection of a
given displacement field u*, the corresponding strain €X (derived according to Eq. (2.2a)), and the
corresponding stress 0% (derived via Eq. (2.4)). Two elastic fields X and Y associated with the
same elasticity tensor L are called corresponding fields, and, by virtue of the major symmetry of

the elasticity tensor (i.e., L = LT, L, ikl = Lsij), are such that
oX e = o : €, O'?J-(E-X = oleX. (2.9)

The form of Stokes’ theorem reported below (Eshelby, 1951), applied to an open surface S

bounded by the smooth closed curve 9.5, will be useful later (for a proof, see, e.g., (Balluffi, 2012)):

/(Vj,j Oki = Vk,i) g = / Eijk Vj Tk- (2.10)
S as

In coordinate-free notation, this reads

/((divv) i—gradv) n = / VXT. (2.11)
S s

In Egs. (2.10) and (2.11), 7 is the normalised tangent vector to the curve 9§, v is a vector field,
Ori (Kronecker symbol) are the components of the identity tensor Z, and &;;; (permutation symbol)
are the components of the Ricci Levi-Civita tensor in Cartesian coordinates. In particular, if the
surface S is progressively closed, so that it tends to the boundary 9D of some region D and the

boundary 9§ degenerates into a point, the right-hand side tends to zero, and Eq. (2.11) becomes

/Vj,j5kink=/ Vk,i N (2.12)
aD oD
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or

/(divv)n:/ (gradv)'n. (2.13)
oD oD

Given two corresponding elastic fields X and Y, substitution of v = uYoX and Eq. (2.3) into

Eq. (2.13), allows for obtaining the further relation

X .Y X Y X Y
/ ol 6 = / (ol + X ul ) m (2.14)
oD oD

which, in component-free notation, reads

/ (O'X : hY) n= / (uY grad oX + (hY)TO'X)Tn. (2.15)
oD oD

Finally, the jump of a field f across a given surface S at point x € S with unit normal » is given
by
[£10) = lim [£(x+hm) = f(x = hm)) 2.16)

where, if S is a closed surface, n is understood to be the outward normal.

2.1.2 The Ellipsoidal Inclusion and the Fourth-Order Eshelby Tensor

For the establishment of the problem of an inclusion in an otherwise homogeneous matrix, we

essentially follow the procedure outlined by Eshelby (1957) (last paragraph of page 376):

We shall solve this problem with the help of a simple set of imaginary cutting, straining
and welding operations. Cut round the region which is to transform and remove it
from the matrix. Allow the unconstrained transformation to take place. Apply surface
tractions chosen so as to restore the region to its original form, put it back in the hole
in the matrix and rejoin the material across the cut. The stress is now zero in the

matrix and has a known constant value in the inclusion. The applied surface tractions
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have become built in as a layer of body force spread over the interface between matrix
and inclusion. To complete the solution this unwanted layer is removed by applying an
equal and opposite layer of body force; the additional elastic field thus introduced is

found by integration from the expression for the elastic field of a point force.

Perhaps because of our own verbal struggle, we prefer to rethink the part “cut round the region
which is to transform and remove it from the matrix; allow the unconstrained transformation to
take place” in a slightly different way. Below, we describe Eshelby’s procedure in our words and
notation.

Let B be a homogeneous elastic body from which a cavity D is carved. We shall call the region
M = B\ D the matrix (where the symbol “\” denotes subtraction of sets). Let D* be another
homogeneous body, whose shape is obtained by mapping the region D by means of a transformation
strain €, which determines a geometrical misfit between D and D*. The material contained in the
region D* is going to constitute the inclusion, and may or may not have the same material properties
of the matrix M. Then, in order to fit the shape of the region D* into the original shape D, we
apply suitable surface tractions on the boundary dD*, and put the inclusion back in the cavity D.
Once the inclusion is put back and welded into the cavity, the surface tractions are released and the
inclusion and the matrix are allowed to relax elastically, thereby attaining a cancelling strain €.

We remark that, in the small displacement theory, we are allowed to identify the reference
(undeformed) configuration and the current (deformed) configuration, and thus we are going to
continue to call the body, the matrix and inclusion with B, M = B\ D and D, respectively, although
at this point they will have changed shape because of the geometrical misfit of matrix and inclusion.

B

In the absence of applied external tractions, the total strain € equals the strain €” caused by the
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geometrical misfit alone, and it is described, in the inclusion or the matrix, by

e=€eb =€ ¢, (2.17a)

€ #0, in D, (2.17b)

€ =0, in M=B\D, (2.17¢)

[ #0, ondD, (2.17d)

[€]l = [€®] #0, ondD. (2.17¢)

Eq. (2.17d) means that the cancelling strain € is discontinuous across the boundary 6D of the
inclusion, although it is continuous within the inclusion D and within the matrix M = B\ D.
Eq. (2.17e) states that the total strain € = € is generally discontinuous across 0D (Hill, 1961;
Walpole, 1967). Furthermore, the bonding between matrix and inclusion is assumed to be perfect,
i.e., at the matrix-inclusion interface, the displacement field and the traction field are continuous

(Eshelby, 1961; Mura, 1987; Balluffi, 2012).

[u] =[] =0, ondD, (2.18a)

[o8]rn =0, ondD. (2.18b)

Note that the displacement gradient & = grad u, the symmetric part of which is the strain € = €5, is

discontinuous across 0D, although the displacement u = u?

is continuous (this has been thoroughly
studied by Hill (1961)).
For the case of an ellipsoidal inclusion, to which we shall restrict our analysis throughout this

c

work, the transformation strain €* and the cancelling strain € are uniform in the inclusion, and are

linearly related via the fourth-order Eshelby tensor S (Eshelby, 1957; Balluffi, 2012), i.e.,

€ =8:€, € =Sijue, inD, (2.19)

where, due to the fact that €* and €€ are uniform in the inclusion, it follows that also S is such.
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We remark that, even for the case of an ellipsoidal inclusion, in which the cancelling strain € is

uniform in the inclusion D, the cancelling strain €€

is never uniform in the matrix M = B\ D, as
it is obviously non-zero on 9D and, in general, must decrease towards 913, and must be zero on 43
under the hypothesis of an infinite matrix.

Moreover, we remark that, for an ellipsoidal inclusion, the transformation strain causes only
a change in the length of the semi-axes and not in their directions. Therefore, the transformation
displacement u* corresponding to the transformation strain €* causes no rotation. This means

that the skew-symmetric part ¢* = %(h* - (h*)T) of the transformation displacement gradient k*

vanishes identically, so that £* and its symmetric part €* coincide, i.e.,
‘P* — % (h* _ (h*)T) -0 = h* = % (h* + (h*)T) = €e”. (220)

This assumption has been used extensively, e.g., by (Mura, 1987), and turns out to be crucial in the
subsequent derivations.

Finally, we assume to deal with an inclusion in an infinite matrix, i.e., with an inclusion D that
is much smaller than the whole body B, and that is far away from the boundary 9B of the body, so
that the effects of image stresses (so called from the image method, used to deal with inclusions or

defects near an interface; see, e.g., Section 3.8 in the book by Balluffi (2012)) can be neglected.

2.1.3 Classification of Inclusions

An inclusion can be characterised by five attributes: shape, volume, misfit with the matrix in terms
of geometry, misfit with the matrix in terms of material properties, and level of bonding (also
called level of coherence) at the matrix-inclusion interface. In the literature, inclusions with perfect

bonding at the interface with the matrix are subdivided into three categories, as reported below.

(1) Inclusion with Misfitting Geometry (Homogeneous Inclusion)
In this case, the inclusion has the same elastic properties of the matrix, described by the

elasticity tensor L. Therefore, there is only the geometrical misfit caused by the transformation
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2

3)

strain €*. This type of inclusion is studied directly by means of Eshelby’s procedure, which
was outlined in Section 2.1.2. In fact, this type of inclusion, called “homogeneous inclusion”
by Eshelby (1957) and in the literature, is the case to which all others can be reduced, with

suitable equivalence methods.

Inclusion with Misfitting Properties (Inhomogeneous Inclusion)

The inclusion has different elastic properties than the matrix, and thus its elasticity tensor
L’ is different from that of the matrix L. However, the transformation strain €* is equal to
zero and therefore there is no geometrical misfit. In the absence of a stress field caused by
external tractions, the stress and the strain in the matrix and inclusion are identically zero.
However, when external forces are applied, the misfit in material properties of the inclusion
causes a perturbation in the stress and strain fields. Eshelby’s method of solution for this type
of inclusion, which he called “inhomogeneous inclusion” (Eshelby, 1957), consists in reducing
its effect to that of an “equivalent homogeneous inclusion”, i.e., in finding that fictitious
transformation strain that causes the same perturbation as the difference in material properties

(Eshelby, 1961).

Inclusion with Misfitting Geometry and Properties (General Inclusion)

This is the most general case, in which the inclusion has a geometrical misfit, described by a
transformation strain €*, as well as a misfit in material properties, i.e., L’ # LL. This case too
is solved by means of Eshelby’s method of the “equivalent homogeneous inclusion” (Eshelby,
1961; Balluffi, 2012). We call this type of inclusion “general inclusion” because cases (1) and
(2) are obtained by setting L’ = L and €* = 0, respectively. We remark that Eshelby (1957)
called “general inclusion” the inclusion of arbitrary shape, but this should not be a source of

confusion in this context, in which we limit ourselves to the case of ellipsoidal inclusions.
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2.1.4 The Material Force on a Defect and the Eshelby Stress

In his seminal works, Eshelby studied, for the case of small displacements (Eshelby, 1951) and
for the case of large displacements (Eshelby, 1975), the material force F°°" exerted on a region
D including a defect. The definition of defect also includes (the pun is inevitable) the case of an
inclusion, which is obtained when the defect is the whole region D itself. The material force on
the defect is also called configurational force because it is the “price to pay” to displace the defect
within the body, i.e., to cause a change in configuration. Eshelby showed that the configurational
force can be computed as the integral of the tractions on the boundary 0D of the region D due
to a stress tensor p that Eshelby called, in accordance with the jargon of Classical Field Theory,

Maxwell tensor or energy-momentum tensor:

fconf:/ pn =/diV1’, ]:,-Conf=/ Pik i :/pik,k‘ (2.21)
oD D oD D

The stress tensor p, called Eshelby stress by Maugin and Trimarco (1992), is expressed (in the

small-displacement theory) by
p=wi-h'o,  pix=wbi—hjiop, (2.22)

where h is the (completely spatial) displacement gradient, o is the (Cauchy) stress and w is the
elastic energy density per unit (current) volume of linear elasticity of Eq. (2.6). The configurational
force is also often called inhomogeneity force (see. e.g., (Epstein and Maugin, 2000)) because, as it
can be shown easily in the non-linear theory, it vanishes over aregion D in which the elastic energy is
homogeneous, i.e., does not depend on the point (Eshelby, 1975). Under these conditions, Eq. (2.21)
implies that the divergence of the Eshelby stress vanishes. In linear elasticity, homogeneity of the
elastic energy reduces to homogeneity of the elasticity tensor. A direct proof of the vanishing of the
Eshelby stress on a region in which the elasticity tensor is homogeneous is given in Appendix A.1.

In passing, we also note that Eq. (2.21) can be interpreted as the J-integral defined by Rice (1968)
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in fracture mechanics, as pointed out by, e.g., Smelser and Gurtin (1977), Epstein and Elzanowski
(2007) (Section 5.6.4) and Gupta and Markenscoft (2012). Indeed, Smelser and Gurtin (1977),
following Eshelby (1956) and Rice (1968), call Eq. (2.21), with p expressed as in Eq. (2.22), “the

Eshelby-Rice conservation law”.

Remark. The configurational force F conf js said to be material because, in the large-deformation
theory, when we ought to distinguish the reference from the current configuration, the configura-
tional force is a material covector and the Eshelby stress is a completely material tensor with the
first leg being a covector (i.e., the first index being covariant) and the second leg being a vector
(i.e., the second index being contravariant). Just within this remark, we use the modern Continuum
Mechanics notation, with uppercase symbols and indices for the reference configuration and low-
ercase symbols and indices for the current configuration (see, e.g., (Marsden and Hughes, 1983)).

In index notation, the configurational force is given by

Feonf = / BrX N = / Bk, (2.23)
oD D

where the vertical bar denotes covariant differentiation. The large-deformation energy-momentum
tensor (which is now called Eshelby stress) ¥ was obtained by Eshelby (1975) using a variational
approach in which the independent variable of the Lagrangian density per unit reference volume is

the spatial displacement u considered as a function of the material points X, and is given by
B, =wesX - HPK, (2.24)

where W is the elastic energy density per unit reference volume, H/; = u/ is the two-point
displacement gradient, and P;X is the first Piola-Kirchhoff stress. The component expression of

the completely spatial Eshelby stress p of Eq. (2.22) can be obtained by a push-forward on the first
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leg and forward Piola transformation on the second leg of B, i.e.,

p =T WE N 6K Fr —H (FY 0 PR R

— W(S,'k _ hji 0'jk, (2.25)

where tensor F (with components Fig) is the deformation gradient, w = J~!' W is the energy
density per unit current volume, h/; = H/ j (F~Y)!; = u/ i 1s the spatial displacement gradient, and
oi* = J7' P,X F*g is the Cauchy stress. The fully spatial Eshelby tensor p of Eq. (2.25) becomes
that of the linear theory if the energy density w per unit current volume is the quadratic one of

Eq. (2.6).

2.2 Variation of the Interaction Energy and p-S Relation

In the weak formulation (Eshelby, 1951, 1956), the configurational force Feorf is defined as the
negative of the variation of the total energy VV (considered as a functional, see Eq. (2.42) for the
case of the “homogeneous inclusion™) evaluated at the identity map X (defined by X'(x) = x, for
every x € B3), and performed with respect to the uniform displacement field &, such that £(x) = &,

forevery x € D, i.e.,

_6(Wel + Wext)

5 (X), (2.26)

conf __M _
Fe gy = =57 () =

where W, refers to elastic energy, and Wey; is the work of the external forces.

This variation is sometimes referred to as a “variational gradient”, but it can be performed
as the regular directional derivative of the functional W defined in the space of all admissible
configurations. The configuration space can be regarded as an affine space (which is a trivial

differentiable manifold) if such is the physical space S in which the body B dwells. Thus, we have

W ) — i WE =R = WX
8§ h—0 h

(2.27)
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where the displacement —/ & is an infinitesimal variation of the identity map X’. This defines the

map

V=X-h§:x—>x-h&x)=x-h&, (2.28)

which maps the domain D of the inclusion into the displaced configuration ))(D) (Figure 2.1). Itis
easy to show that, if the displacement field £ is uniform, i.e., £(x) = & for every x, the determinant

of the transformation described by ) is identically equal to one.

th =04 th = on

=0'n

N

Figure 2.1: Determination of the force on a defect contained in a region D of a body B. By means
of the uniform displacement &(x) = &, for every x € D, we define the map JV = X — h ¢ which
maps the region D into the displaced one J(D). The traction field ¢* is applied on the boundary
and gives rise to the applied stress o4, which is such that ¢4 = o-*n on the boundary.

Balluffi (2012) showed that it is equivalent to calculate the configurational force as the variation
of the total energy W = W, + Wex or of the interaction energy, which describes the interaction
between the applied stress field o4, caused by the external traction field ¢4 applied on the boundary
dB of the body B, and the stress field 0% caused by the presence of the inclusion. The interaction

energy W is defined as the total energy WV of the superimposed fields A and B minus the sum of
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the energies W4 and W5 taken individually, i.e.,

Wit = W - wA - W8 (2.29a)

W = We + Wexs (2.29b)
WA =W+ Wi, (2.29¢)
Wh =wE (2.29d)

where we note that W2, is identically zero, as the inclusion field B applies no tractions on the
boundary 613 of B, i.e., o®n = 0 on 3B. Moreover, W4 is completely independent of the presence

of the inclusion, and is always given by
1
WA =W+ WA, = / —o et —/ t u, (2.30)
B2 B

where t4 = 04n on 0B. Balluffi’s argument (Balluffi, 2012) is that the variation of W4 and W5
is identically zero because a change in the configuration does not affect their functional expression.
Therefore, the variation of WV equals that of YW, The configurational force can therefore also be

written as

0 Wint

conf _
FOR €y = oF

(X). 2.31)

The goal of this paper is to obtain the relation between the Eshelby stress p and the Eshelby
fourth-order tensor S inside an inclusion D in an infinite matrix M = B\D. In order do so, we shall
exploit the material force F°°" acting on the inclusion, as it is directly related to the Eshelby stress
p and to the cancelling strain €€, which, in turn, can be expressed as a function of the fourth-order

Eshelby tensor S.
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2.3 Inclusion with Misfitting Geometry
(Homogeneous Inclusion)

The problem of the inclusion with misfitting geometry, called “homogeneous inclusion” in the
literature, is established via the imaginary procedure described in Section 2.1.2 and assuming that
the matrix M = B\ D and the inclusion D have the same material properties, described by the
same elasticity tensor L, but also have a geometrical misfit described by the transformation strain
€*. Furthermore, we assume that the applied traction field #* acts on the boundary 91 of the body
. The traction field #* gives rise to the applied stress field o4, which is such that ¢4 = o4 on 9.
The total strain € in the inclusion or the matrix is equal to sum of the applied strain €4 = L' : o4
and the strain resulting from the geometrical misfit in the inclusion €, given by Eq. (2.17a) (which

had been written in the absence of external applied tractions). Thus, we have

e=e'+ef =€ + €€ - €, (2.32a)

€ #0, in D, (2.32b)

€ =0, in M=B\D, (2.32¢)

[T #0, ondD, (2.32d)

[€]l = [’ + [€] #0, ondD. (2.32e)

2.3.1 ‘“‘Homogeneous’” Case: Interaction Energy

The superimposed elastic strain energy of fields A and B is defined by

1
We1=—/(0'A+0'B): (6A+6C—e*)
2 /s
1
:—/O'AIEA+
2 /s

1 1
2 2
1 1 1
+—/a'B:eA+—/0'B:eC——/0'B:e*. (2.33)
2 /B 2 /B 2 /B
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It is possible to prove that four out of the six integrals in Eq. (2.33) vanish identically, and precisely
the second, third, fourth, and fifth. Vanishing of the fourth is shown via integration by parts, i.e., if

n is the unit vector normal to 91,

/O’BZGAZ/ uAa'Bn—/uA.diva'B:O. (2.34)
B B B

Indeed, divo? = 0 in B as, by virtue of the equilibrium condition given in Eq. (2.3), each stress
field has null divergence individually. We remark again that 0-n = 0, as the stress field o? causes
no tractions on the boundary 0B of B. Then, the sum of the second and third integrals vanishes as
it equals the fourth; indeed, by virtue of the relation between corresponding fields, the sum of the

arguments of the second and third integrals equals the argument of the fourth integral, i.e.,
o €€ -0t €= (e -€)=0": el =P : . (2.35)

Vanishing of the fifth integral is shown via integration by parts, similarly to the case of the second

integral. Eventually, the elastic strain energy of superimposed fields A and B reduces to

1 1
Welz/—a'AzeA—/ — o8 €, (2.36)
52 D2

where the last integral has been restricted to D because the argument vanishes in M = B\ D

(Eq. (2.32¢)). The total energy of the superimposed fields B and A is then

1
W:W61+Wext:/—a'A:eA—/—O'B:e*—/ tA.(uC+uA), (2.37)
B2 D 2 0B

where t4 = 04n on dB. The total energy W2 of the field B is evaluated by setting o = 0

everywhere in 3, and therefore t4 = 0 on 9 in Eq. (2.37), i.e.,
1 k
WB:W£+W£t:W£:—/—a'B:e, (2.38)

D2
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where we recall again that W2, is identically zero, as the inclusion field applies no tractions on the
boundary of B. The total energy W4 of the field A is given by Eq. (2.30) or, equivalently, can be
obtained from Eq. (2.37) by setting €* = 0 in BB, which implies that also u¢ vanishes. Then, from
Eq. (2.29) the interaction energy between the applied stress field o and the stress field o8 caused

by the presence of the inclusion is then equal to
Wit =W - wA - Wk = —/ t.uC. (2.39)
oB

By exploiting the equilibrium condition divo? = 0 and the vanishing of the second and third

integrals in Eq. (2.33), the integral in Eq. (2.39) can be reduced to

/ tA.uC:/ uCO'An:/O'AZhC+/quiV0'A
0B oB B B
:/O'A:(ec—e*)+/0'A:e*:/a'A:e*, (2.40)
B B D

where, in the penultimate passage, we exploited the fact that the symmetry of the stress o4 “filters”
the skew-symmetric part of the displacement gradient £, which can be thus be replaced by the
corresponding strain €€. In this way, the final form of the interaction energy is (Eshelby, 1957;

Mura, 1987)
wint = —/ o €. (2.41)
D

An alternative approach for the determination of the interaction energy is shown in Appendix A.2.
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2.3.2 ‘“Homogeneous’” Case: p-S Relation

The configurational force F°°™ is obtained from Eq. (2.31) by computing the variation of the
interaction energy in Eq. (2.41), which is defined as

awint L Wim(X —h lf) _ Wint(x)
gg \X) == lim h

_1: l_ A_*o _ A_*O
—hmh[ /D(a' c€)o (X h.f)+/D(0' t€) X]. (2.42)

The variation is performed by expanding the integrand of the first integral to the first order, and

considering that, for an ellipsoidal inclusion, the transformation strain €* is uniform:

(" €) o (X ~hé)](x) = (0" : €)(x — hE))
= [o(x - hé(x))] : €
= [o(x) — h(grad o) (0)JE(x)] : €

=[(c": €)o X —he : [(grado?) €]] (x). (2.43)

Substituting Eq. (2.43) into Eq. (2.42) and considering that the displacement £(x) = &, is uniform,

we have

ow

Feonf g0 =— oE (X) = /D [6* : [(gradO'A)f” = [/D € : gradO'A] £o (2.44)

from which, for the arbitrariness of &, we obtain
JFeonf — / € :grado? = / h* : grad o, (2.45)
D D

where the symmetry of the stress o# allows for replacing €* with h*. Indeed, regardless of

A

Eq. (2.20), the double contraction with the symmetric stress o would in any case “filter” the

skew-symmetric part ¢* of the transformation displacement gradient h* = €* + ¢*. It is now
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convenient to proceed in components, so that Eq. (2.45) reads

Fiot = /D oy hys = /D Oy s (2.46)

and, using Leibnitz’ rule, we have

nf A * A *
‘Fico = /; (O-rs,i ur)s - /D (O-rs,is ui) : (247)

The second term vanishes because of equilibrium (i.e., div o4 = 0, from which also 0':2 i = oj‘}v =
(044.5)i = 0). Thus, use of Gauss’ theorem yields
ﬁmz/<¢wwy (2.48)
oD

Substituting the particular form of Stokes’ theorem in Eq. (2.15) into Eq. (2.48), and employing the

relation between configurational force and Eshelby stress in Eq. (2.21), we obtain

conf A % A % A % A %
St = /ap (U'kl Uy Osi = Oy “r,i) s = /627 (O'kz €1 Osi = O ”r,i) s
= / Pis . (2.49)
oD

In coordinate-free notation, this reads

fcoan/0D[(0AIh*)i—(h*TO'A]n:/aD[(O'A16*)i—(h*T0'A n

_ / pn. (2.50)
oD

Finally, using again Gauss’ theorem to revert to volume integrals, we get to

fconf:/pdiv[(aA:E*)i_(h*)raA] :/Ddivp_ (2.51)
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By localising Eq. (2.51), we obtain
div [(O'A : 6*) i— (h*)T O'A] = divp, in D, (2.52)
which can be integrated into
p= [(O'A : 6*) i— ) o +e, in D, (2.53)

where ¢ is a tensor field with vanishing divergence, i.e., dive = 0. We shall show that we must

have
c =pt +p8, in D, (2.54)

where p4 and p? are the Eshelby stresses due to the fields A and B, respectively. Each of p# and
pB is given by the standard definition of Eq. (2.22) and, under the hypothesis of homogeneity of
the elasticity tensor over D, has vanishing divergence (see Appendix A.1). With Eq. (2.54), the
Eshelby stress obtained by substituting Eq. (2.54) into Eq. (2.53),

p=piapBy [(aA : e*) i—(h* TaA], in D, (2.55)

reduces to p? when €* (and thus p?) vanishes, and reduces to p® when o (and thus p*?) vanishes.

A

In particular, each of the terms (a'A : €*)iand (h*)T o vanishes when either €* or o vanishes.

For an ellipsoidal inclusion, we recall that Eq. (2.20) states that k" = €*. Therefore, substitution

in Eq. (2.55) yields
p=p* +pf+ [(O'A : 6*) i— (e O'A] , in D. (2.56)

At this point, it is possible to relate, within the inclusion D, the Eshelby stress p to the fourth-order

Eshelby tensor S by substituting the expression of the transformation strain €* as a function of the
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cancelling strain €€ from Eq. (2.19) into Eq. (2.56), i.e.,

p=pt+pl+

(O'A -s7 ec) i— (S_l : ec)TO'A] , in D. (2.57)

2.4 Inclusion with Misfitting Properties
(Inhomogeneous Inclusion)

In Section 2.3, we have dealt with a homogeneous body, where the matrix and inclusion have the
same elastic constants. Here, we consider a body B comprised of a homogeneous matrix with
elasticity tensor L, embedding a homogeneous inclusion D with an elasticity tensor L’ different
from that of the matrix. However, there is no geometrical misfit (transformation strain) between
inclusion and matrix. We note that, although the matrix and the inclusion are both individually
homogeneous, in the literature this case is often called “inhomogeneous inclusion”, because the
inclusion has different elastic properties than the matrix.

The boundary 958 of the body is subjected to the traction force o“n, which imposes the stress
field o on the body B. Although the inclusion has no geometrical misfit with the surrounding
matrix, and therefore does not cause stress in the absence of external tractions, it perturbs the
imposed stress field 4. Eshelby (1957) proposed the method of the equivalent “homogeneous”
inclusion, in which the inclusion with no geometrical misfit but properties different from those
of the matrix is replaced by an inclusion with geometrical misfit and same properties of the
matrix, that gives rise to the same perturbation of the applied stress field that the original inclusion
would cause. In order to describe the fictitious inclusion with elastic properties L, which has
a geometrical misfit that makes it equivalent to the real inclusion with properties L, Eshelby
(1957) introduces the fictitious or equivalent transformation strain ezq (Figure 2.2). In this case
(inclusion with different elastic properties than the matrix, so-called inhomogeneous inclusion), the
equivalent transformation strain €, plays the role of the real transformation strain €* of the case of

inclusion with geometrical misfit only (the so-called homogeneous inclusion). Thus, by analogy
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o=L:e=L": (¢ + € O'eq:Ltfeq:Li(GC—EZq+6A)

(a) (b)

Figure 2.2: (a) the real system, and (b) the equivalent system.

with Egs. (2.32), we can write the strain in the equivalent system as

€eq = €1 + efq = et + € - €cqp (2.58a)

e #0, in D, (2.58b)

ezq =0, in M=B\D, (2.58¢)

[€]#0, on oD, (2.58d)

[eeqll = [e’] + [[efq]] #0, on 0D. (2.58¢)

In the real system, the perturbation in the strain field caused by the fact that the inclusion has
different properties than the matrix will be equal to the cancelling strain €€ of the equivalent system.

Thus, the strain in the real system is

e=€e'+el =€ + eC, (2.59a)
[€“]#0, ondD, (2.59b)
[ell = €] + [€2] #0, ondD. (2.59¢)
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The stresses in the real and equivalent systems must be equal, which implies

O =0¢ inD =

L : (GA + ec) =L: (eA +e€ - e;q) , inD, (2.60)

where we have used the linear constitutive equation with L for the real inclusion and with L for
the equivalent inclusion. In the equivalent system, the definition (2.19) of the Eshelby fourth-order

tensor becomes

e€=5: ezq, in D. (2.61)

By substituting Eq. (2.61) into the right-hand side of Eq. (2.60) (the right-hand side represents

the equivalent system), we obtain
L : (€A + ec) =L: (EA +eC -5 ec) , inD, (2.62)
which can be rearranged into
L:S!':e+@ -L):e“=-L"-L): €', inD. (2.63)
We now double-contract both sides of Eq. (2.63) on the left by S : L' and get to
[[+s:[L7":L-1]:e“=-S:[L7":L'-1]] : ", inD, (2.64)

where I is the symmetric fourth-order identity tensor with components I;jx; = %(6ik(5 i1+0i10 k) (see,
e.g., (Walpole, 1981)). Next, by introducing the strain concentration tensor A (Walpole, 1966a,b,

1969; Weng, 1984, 1990) defined by

A=[l+s: L7 -1]", inD, (2.65)
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and substituting into Eq. (2.64), we obtain

AT e =1-AN: €t inD, (2.66)

and the cancelling strain €¢ becomes

e =(A-I):€' inD. (2.67)

The transformation strain €, in the equivalent inclusion can be determined by substituting Eq. (2.61)
into Eq. (2.67), i.e,

€, =S":(A-D:€', inD. (2.68)

We notice that the strain concentration tensor A defined in Eq. (2.65) reduces to the identity I when

*

eq Vanish

L’ = L, in which case the cancelling strain €¢ and the equivalent transformation strain €
identically (Egs. (2.67) and (2.68), respectively).

The most important difference between the “homogeneous inclusion” and the “inhomogeneous
inclusion” is that, while in the former case the transformation strain causes a stress also in the
absence of external tractions, in the latter the equivalent transformation strain is proportional to
the strain arising from the imposed external stress, as shown in Eq. (2.68). Because of its linearity,
Eq. (2.68) agrees with the fact that, for an inclusion with no geometrical misfit, the stress is zero
in the absence of external tractions. This aspect arises also in terms of energy, as we shall see
in Section 2.4.1, and has been emphasised also by Eshelby himself (Eshelby, 1957) (see the last
paragraph of page 388).

Finally, if we add € to both sides of Eq. (2.67), we obtain

e=€e'+e€=A:€*, inD, (2.69)

31



where € is the (real) total strain. This justifies the meaning of strain concentration tensor for A:
tensor A, indeed, captures the change in strain due to the presence of an inclusion with different
material properties than the matrix. Clearly, since in the limit L’ — L we have that A — I, it

follows that € — €.

Remark. The derivation presented above starts from the stress equivalence condition (2.60). Tra-
ditionally, one obtains Eq. (2.69) with the strain concentration tensor under traction boundary
conditions and a dual relation with a stress concentration tensor in terms of stresses under displace-
ment boundary conditions. As noted by Weng (1984), the two formulations (strain concentration
tensor and stress concentration tensor) imply each other. A detailed proof of this equivalence is

presented in Appendix A.3.

24.1 “Inhomogeneous” Case: Interaction Energy

The interaction energy W™ is determined as the difference between the total energy W of the
superimposed fields A and B and the energy of the individual field V4. We must keep in mind
that, in the real system (Fig. 2.2a), inclusion and the matrix are both stress-free in the absence of
external tractions and, therefore, the elastic energy WE = Wg due to the field B alone (i.e., in the
absence of field A caused by the external tractions) is identically zero. Thus, the interaction energy

in Egs. (2.29) reduces to

Wit = W - WA - WE =W —wA (2.70a)

W = We + Wexs (2.70b)
WA = Wi+ Wi, (2.70¢)
wWh =wE =o. (2.70d)

(S
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The superimposed elastic strain energy of the field A due to the external tractions and of the field

B due to the presence of the inclusion is given by

Wd:%/s(a'A+0'B) : (€A+€C),

1 1 1 1
:—/O'A:6A+—/0'A:ec+—/a'B:eA+—/0'B:eC. 2.71)
2 /g 2 /g 2 /s 2 /B

The third and fourth integrals vanish as seen in Eq. (2.34). For the second integral, we need to
consider that, contrary to the case of the “homogeneous” inclusion, o4 and o8 are not corresponding
fields, because the inclusion region D has elasticity tensor L different from the elasticity tensor IL of
the matrix M = B\ D. Thus, we need to exploit Eshelby’s method of the equivalent homogeneous

inclusion. The second integral can be manipulated into

1 1 «
ZE/L;O-B:EA+§/130-A:€eq’ (2.72)

where we used L : €! = o and the equivalent transformation strain €¢q Of the method of the

equivalent homogeneous inclusion (which has elasticity tensor L), so that
O'BEO'B:(ec—e*):L:L:(eC—e*) (2.73)

is the stress field B in the real system, which is identically equal to that in the equivalent system by
construction. The first integral on the right-hand side of Eq. (2.73) equals the third of Eq. (2.71)

and therefore vanishes as shown in Eq. (2.34). Therefore, Eq. (2.72) becomes

1 1 ¥
E/BO-A €€ = > /B o €cqp 2.74)
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Substitution of Eq. (2.74) into Eq. (2.71) yields

1 1 .
WeIZE/BO'AZGA"‘E/D‘TA:feq (2.75)

The total superimposed elastic strain energy is finally evaluated as

1 1
W:W61+Wext:—/O'AIEA+—/0'A:€Zq—/ tA.(uC+uA). (2.76)
2 /B 2)p 0B

The total energy W4 of the field A is given by Eq. (2.30) or, similarly as it has been done in
Section 2.3.1, it can be obtained from Eq. (2.76) by setting €¢, = 0 in 5, which implies that u€
vanishes too. Consequently, from Eq. (2.70), the interaction energy between the applied stress field
o4 and the stress field o? caused by the presence of the inclusion is

. 1
wint — W — WA = —/ ol E:q —/ tAuC. 2.77)
2 Jp OB

Now, we substitute the second term with Eq. (2.40), using €;, in place of €*, and finally obtain

(Eshelby, 1957)
it = 1 / ot el (2.78)
2J)p

As noticed by Eshelby (see the comment following Equation (4-10) in (Eshelby, 1957)), the
interaction energy for the “inhomogeneous” case is half of that of the “homogeneous” case, which
we have reported in Eq. (2.41). This is because the equivalent transformation strain €z, of Eq. (2.78)
is not given as €* in Eq. (2.41), but is linearly related to the applied strain €* = L™ : o4, via
Eq. (2.68), from which the usual factor % of linear elasticity. We emphasised the difference between
the “real” transformation strain of the “homogeneous inclusion” and the fictitious or equivalent one
of the “inhomogeneous inclusion” by assigning a different symbol to each. We believe that keeping

the distinction also helps keeping track of the various strains in the case of the “general inclusion”,
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in which €* and €g coexist and are completely distinct.

2.4.2 “Inhomogeneous” Case: p-S Relation

As for the “homogeneous” case, the configurational force F°" is obtained from Eq. (2.31) or
Eq. (2.27) by computing the variation of the interaction energy in Eq. (2.78). Since the interaction
energy Eq. (2.78) is exactly half of that of the “homogeneous” case of Eq. (2.41), with the equivalent
transformation strain ezq in place of the “real” transformation strain €, the configurational force

can be promptly found by analogy with Eq. (2.51) as

JFeonf — /D%div [(O'A : ezq) i— (th)TO'A] = /DdiVP~ (2.79)

By localising, we have
A T A
%div[(a' )i - (ki) @ ] — divp, inD, (2.80)

which can be integrated into

+¢, inD, (2.81)

where, as in the “homogeneous” case, ¢ is a tensor field with vanishing divergence. In this case,

however, the constant equals the Eshelby stress of the applied field A, i.e.,
—pA ;
c=p", inD. (2.82)

Indeed, since the real system of Fig. 2.2a is stress-free in the absence of external tractions, the Cauchy
stress o8 and the elastic energy % o8 : €8 vanish identically, and so does the corresponding Eshelby

stress pB. Thus, the Eshelby stress in the inclusion is evaluated by substituting the Eq. (2.82) into
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Eq. (2.81), as

WA
p_” + eq eq

: (O'A € ) i-3 (h* )T O'A] , inD. (2.83)

Eq. (2.83) shows that, in the limiting case L’ — L, i.e., no “inhomogeneous” inclusion, the

*

equivalent transformation strain €,

vanishes according to Eq. (2.68)) and, therefore, the Eshelby
stress reduces to pA. Moreover, if the stress field o4 vanishes, the associated Eshelby stress pA

vanishes, and so does the equivalent transformation strain e;q (Eq. (2.68), with et =171 ot

*

By applying Eq. (2.20) to the equivalent transformation strain €g,

we obtain k., = €, and

Eq. (2.83) becomes

p=p'+

ot rer)i-4(e) aA] . inD, (2.84)

Now, the Eshelby stress p and the fourth-order Eshelby tensor S can be related by substituting the

expression of the equivalent transformation strain €;, from Eq. (2.68) into Eq. (2.84), i.e.,

p=pt+

%(O'A sTh(A-D): eA)i— 1 (S‘l S(A-T): eA)TaA], in D, (2.85)

Note that Eq. (2.85) expresses the Eshelby stress p as a function of the applied stress o, the
fourth-order Eshelby S, of the elasticity tensor L of the matrix (via the applied strain €4 and the

strain concentration tensor A), and of the elasticity tensor L’ of the inclusion (via A).

2.5 Inclusion with Misfitting Geometry and Properties
(General Inclusion)

We now study the case of an inclusion D having elasticity tensor L’, different from the elasticity
tensor L of the matrix, and having also has a geometrical misfitting represented by the transfor-

mation strain €*. We refer to this case as to the “general inclusion”, as the “homogeneous” and
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“inhomogeneous” cases can be obtained in the limit L — L and €* — 0, respectively. As in the
previous two cases, we assume that the boundary 9B of the body B is subjected to the external
tractions ¢4, giving rise to the applied stress field o4, such that ¢4 = o4n on the boundary.

As for the case of the “inhomogeneous inclusion”, we employ Eshelby’s method of the “equiv-

alent homogeneous inclusion” in order to represent the misfit in material properties. This involves

*

the construction of an equivalent system in which a transformation strain €z,

equivalent to the
misfit in material properties, adds up to the real transformation strain €* due to the geometrical

misfit. Thus, the total strain in the equivalent system is defined by

€eq = € + equ =€ + €€ - €cq— € (2.86a)

ezq, € #0, in D, (2.86b)

ezq, € =0, in M=B\D, (2.86¢)

[€€] #0, on 4D, (2.86d)

[eeqll = [e] + [[efq]] #0, on 0D. (2.86¢)

In the real system, the total strain is evaluated as

e=e'+ef =€t + €€ - €, (2.87a)

€ #0, in D, (2.87b)

€ =0, in M=B\D, (2.87¢)

[T #0, on 4D, (2.87d)

[e]l = €]+ [€] #0, on 4D. (2.87e)

Thus, by imposing the equivalence of stresses in the real and equivalent system, we obtain

L : (GA +€ef - e*) =L: (EA +€e¢ - ezq - e*) , inD. (2.88)



As usual, for an ellipsoidal inclusion, €* and €; are uniform fields. Thus, the cancelling strain e¢

in the inclusion (Eq. (2.19)) is redefined in terms of the sum of the two uniform transformation

strains €* and ezq and Eshelby’s tensor S (Mura, 1987) as
=5 (e +e), inD. (2.89)

Substituting Eq. (2.89) into the right-hand side of Eq. (2.88) (again, the right-hand side represents

the equivalent system), we obtain
L: (6A+6C—e*) =L: (EA-I-GC—S_l : ec), in D, (2.90)
which we rearrange into
L:S!':e“+@L'-L): e =-L'-L):€*+L : €, inD, (2.91)

Note that Eq. (2.91) is identical to Eq. (2.61) of the “inhomogeneous” case, except for the additional
term L' : €* on the right-hand side, due to the “real” transformation strain €* in the “real” system.

Now, similarly to what we have done in Section 2.4, we double-contract both sides of Eq. (2.91)
by S : L' on the left, use the definition of strain concentration tensor A given in Eq. (2.65), and

solve for €¢:
e =A-D:(e"-€)+A:S:€, inD. (2.92)

Then, according to Eq. (2.89), the uniform transformation strain ezq + €* in the inclusion of the

equivalent system is simply

€cq t € = s [(A—]I) (et —€)+A:S: e*], inD. (2.93)
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The (real) total strain € in the inclusion is obtained by adding €4 — €* to both sides of Eq. (2.92):

e=A:[e"+(S-0):€], inD. (2.94)

To the best of our knowledge, the relations (2.92) and (2.94), providing the cancelling and total

strains, respectively, in the “general” inclusion, have not been given explicitly in the literature.
Clearly, if the “real” transformation strain €* vanishes in Eq. (2.92), we obtain the cancelling

strain of the “inhomogeneous” inclusion (Eq. (2.67)). Moreover, in the limit L — L, we have

A — I, from which it follows that ezq — 0 from Eq. (2.93), and therefore that the cancelling strain

€ reduces to that of the “homogeneous” inclusion (Eq. (2.19)). Finally, if the applied stress o4
and thus the resulting strain € vanish, we have, manipulating Eq. (2.92),
e =[A:(S-D+I]:€, inD. (2.95)

2.5.1 “General” Case: Interaction Energy

We shall show that the interaction energy for the “general” inclusion equals the sum of the interaction
energies of the “homogeneous” and “inhomogeneous” cases. The elastic strain energy of the

superposed applied field (A) and field caused by the inclusion (B) is given by

1 1 1
+—/0'B:6A+—/0'B:6C——/0'B:e*. (2.96)
28 2 s 2 /s

Eq. (2.96) looks identical to Eq. (2.33) of the “homogeneous” case. However, as in the “inhomo-
geneous” case, the difference with the “homogeneous” case is that A and B are not corresponding
fields, because the inclusion has a different elasticity tensor than the matrix. Thus, while the fourth

and fifth integrals vanish as shown in Eq. (2.34), the sum of the second and third integrals does not
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vanish, and is given by

1 1
—/(ec—e*) O'A:—/(ec—e*):L:eA,
2 /s 2 /s
1
:i/lg(ec—e*—ezq+ezq).L.6A,
:1/03 eA+1/aA € (2.97)
2 /s 2 /8 “

A

where L : €4 = o4, €¢q is the equivalent transformation strain introduced in the method of the

equivalent homogeneous inclusion, and
ob=08 = (ec—ezq—e*) :L=L: (ec—ezq—e*), (2.98)

is the stress field B in the real system, which by construction coincides with that in the equivalent
system. The first integral on the right-hand side of Eq. (2.98) equals the fourth of Eq. (2.96) and

therefore vanishes as shown in Eq. (2.34). Therefore, Eq. (2.97) becomes

1 . 1 .
o)t
which, substituted into Eq. (2.96), gives
Welzl/(rA:eA+l/a'A:e*—1/0'3:6*, (2.100)
2 /s 2 /p ‘42 /p

where the integrals containing € and €;, have been restricted to D because € and €;, vanish
outside of D.

The total energy of superimposed fields A and B is then

W = Wel + Wext (2.101)

1 1 1
:—/O'AIEA+—/O'Atfzq——/O'Bie*—/ tA.(uC+uA).
2 /g 2Jp 2 Jp B
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The total energy WA of the field A is determined from Eq. (2.101) by setting €q=0and e =0in

0B, i.e., in the absence of the inclusion. Therefore,
1
WA =W+ WA, = —/ ot et —/ thu?, (2.102)
2 /B B

The total energy W2 of the field B is obtained by setting 04 = 0 in Eq. (2.101), i.e., absence of

external tractions. Thus,
B 1 B *
W?%=—= [ o :€". (2.103)
B
Then, from Eq. (2.29), the interaction energy is

. 1
wint — ) — WA _ B — 5/ ot e;q—/ thu. (2.104)
D B

Recalling that div o# = 0 and using again Eq. (2.98), the surface integral can be written

/ tA.uC:/ uca'An:/(rA:hC:/a'A:eC
oB B B B

= /DO'A : (ezq + e*), (2.105)

A

where, again, the integral of o8 : € vanishes as seen in Eq. (2.34). Finally, the interaction energy

takes the form

wint = _/ ot e - 5/ ot €y (2.106)
D D
which equals the sum of the energies calculated for the “homogeneous” case (Eq. (2.41)) and the
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“inhomogeneous” case (Eq. (2.78)).

Remark. The expressions of the interaction energy obtained by Mura (1987) and Balluffi (2012) are
slightly different (and also different with respect to each other). Indeed, while we considered the
interaction energy to be given by Wint = W-WA-W35 asinEq. (2.29), they used WM = W-WA,
That is, they set W2 = 0, as in the case of the “inhomogeneous” inclusion. We believe that this is
incorrect, because the “general” inclusion does have a non-zero, real transformation strain €*, and
thus does have a non-zero stress field o® and energy W2 in the absence of the applied stress field

B

o4, where o arises from the cancelling strain of Eq. (2.95).

2.5.2 “General” Case: p-S Relation

Since the interaction energy for the “general” case equals the sum of the interaction energies of
the “homogeneous” and “inhomogeneous” cases, so does the configurational force, which can be

evaluated by summing Eq. (2.51) and Eq. (2.79), as

Jreont — /D%div [(O'A : eeq) (h* )TO'A]
+/ diV[(O’Aze*)i—(h*)TO'A] :/ div p. (2.107)
D D

With considerations similar to those made in the “homogeneous” and “inhomogeneous” cases,

Eq. (2.107) can be integrated into

+ [(O'A : 6*) i—(h) o?|. (2.108)

where, as we have already seen, p# and p? have zero divergence. By applying Eq. (2.20) to both

the “real” transformation strain €* and the equivalent transformation strain €., and rearranging,

eq’

we obtain

p=p*+p’+ 0"

: (2€eq+e ) (2eeq+e )TO'A], in D, (2.109)
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which is convenient to write as

p=pt+pl+

1 A . * * *\ . 1 * * *T A .
50 .(eeq+e +e)t—§(eeq+e +e) log } inD. (2.110)

The relationship between the Eshelby stress p and the fourth-order Eshelby tensor S is obtained by

use of Eq. (2.93) as

p :pA+pB+%[0'A: [S_l : [(A—]I) (e —€)+A:S: e*] +6*]] i
- %[ [S_l : [(A—]I) (e —€)+A:S: e*] + e*]Ta'A], in D. (2.111)
It is easy to verify that, in the limiting case " — L, for which A — I, Eq. (2.111) reduces to the
expression of the Eshelby stress in Eq. (2.56) for the “homogeneous inclusion” and, in the limiting

case € — 0, for which p? — 0, Eq. (2.111) reduces to the expression of the Eshelby stress in

Eq. (2.85) of the “inhomogeneous inclusion”.
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Chapter 3

Eshelby’s Inclusion Theory in the Light of

Noether’s Theorem

This chapter is based on Federico et al. (2019)

In a classical paper, Eshelby (1951) introduced the concept of configurational force as the force
required for a region containing a defect in a material body to undergo a material virtual dis-
placement. This idea led to the mechanical Maxwell energy-momentum tensor that has been
subsequently termed Eshelby stress in continuum mechanics (Maugin and Trimarco, 1992). The
procedure followed by Eshelby (1951) is comprised of a set of operations in which the elastic
energy in the interior of a region and the net work that the surface tractions exert of the region
are evaluated individually. In another work, Eshelby (1975) used Hamilton’s standard variational
approach of field theory and found his energy momentum-stress directly, using the components of
the regular spatial displacement and of the displacement gradient as the entities called fields in the
jargon of field theory. In the same paper, Eshelby (1975) also sketched the procedure for the case
in which the fields are the components of the configuration map, which is the common choice in
modern continuum mechanics.

Although initially conceived for a single inclusion or for a discrete set of inclusions, Eshelby’s

theory naturally applies to inhomogeneous materials or materials with continuous distributions of
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defects. Epstein and Maugin (1990) obtained the Eshelby stress using the concepts of material
uniformity and material isomorphism introduced by Noll (1967) for inhomogeneous materials.
Gurtin (1995, 1999) reformulated and generalised Eshelby’s approach with the method of the vary-
ing control volumes and considered the Eshelby stress as the appropriate stress of an independent
material balance law. The Eshelby stress has been seen as the object capturing inhomogeneities
and singularities (e.g., Epstein and Maugin, 1990; Gurtin, 1995, 1999; Epstein and Maugin, 2000;
Epstein and Elzanowski, 2007; Verron et al., 2009; Weng and Wong, 2009; Maugin, 2011), or
the driving force of phenomena of material evolution such as plasticity and growth-remodelling
(e.g., Maugin and Epstein, 1998; Epstein and Maugin, 2000; Cermelli et al., 2001; Epstein, 2002;
Imatani and Maugin, 2002; Grillo et al., 2003, 2005; Epstein, 2009, 2015; Grillo et al., 2016, 2017,
Hamedzadeh et al., 2019), or phase transitions, or evolution of the interfaces among phases (e.g.,
Gurtin, 1986, 1993; Gurtin and Podio-Guidugli, 1996; Fried and Gurtin, 1994, 2004).

In a didactic spirit, the aim of this work is to reproduce the results of Eshelby (1951, 1975)
directly by means of the classical Noether’s theorem (for a translation into English of Noether’s
original 1918 paper, see Noether, 1971) for continuum systems, as presented by Hill (1951).
The derivation is made using the components of the configuration map as the “fields” and those
of the deformation gradient as the “gradients of the fields”, while an appropriate “topological”
transformation represents the material virtual displacement on the region containing the defect.
We would like to emphasise that this work is more than a mere rewrite of Eshelby’s findings in a
more modern notation. While the relation between Eshelby’s work and Noether’s theorem has been
highlighted in several papers (e.g., Knowles and Sternberg, 1972; Eshelby, 1975; Fletcher, 1976;
Edelen, 1981; Golebiewska Herrmann, 1982; Olver, 1984a,b; Huang and Batra, 1996; Kienzler and
Herrmann, 2000; Maugin, 2011), to the best of our knowledge, no work in the literature establishes
an explicit relation between Eshelby’s inclusion theory (and, specifically, the procedure to deal with
the presence of the inclusion; Eshelby, 1951, 1975) and Noether’s theorem.

In Section 3.1, we introduce the notation and give some basic definitions. In particular, we

introduce standard and Eshelbian configurations and their variations, i.e., displacement fields. The
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setting is declaredly differential geometrical, although we avoid using differentiable manifolds for
simplicity. In Section 3.2, we review, with our notation and within a suitable geometrical setting,
Eshelby’s original derivation (Eshelby, 1951) of configurational forces. Similarly, in Section 3.3,
we review Eshelby’s variational derivation (Eshelby, 1975). Finally, in Section 3.4, which is the
core of the work, we introduce Noether’s theorem, and show how its application renders directly

the results of both the previous derivations.

3.1 Theoretical Background

In this section, we illustrate the notation that we employ and report some fundamental results
relevant to this work. We generally use index-free notation but sometimes it is useful to show
the corresponding expression in index notation. Therefore, we present most expressions in both
notations. Inindex notation, the customary Einstein’s summation convention for repeated indices is
enforced throughout and a subscript preceded by a comma, as in f;, denotes partial differentiation

with respect to its i-th argument.

3.1.1 General Notation and Basic Definitions

Here we review some basic definitions of continuum mechanics, in order to elucidate the notation
that we employ. The notation is essentially that of Truesdell and Noll (1965) and Marsden and
Hughes (1983), with some modifications (Federico, 2012; Federico et al., 2016). We work in a
simplified setting based on the use of affine spaces, whose rigorous definition can be found, e.g.,
in the treatise by Epstein (2010). We could use a presentation in terms of differentiable manifolds
(Noll, 1967; Marsden and Hughes, 1983; Epstein, 2010; Segev, 2013), but using affine spaces
avoids many of the intricacies of higher-level differential geometry and makes the presentation
more intuitive.

An affine space is a set S, called the point space, considered together with a vector space

V), called the modelling space, and a mapping S XS — V : (x,y) — y — x = u. This means
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that, at every point x € &, it is possible to univocally attach the vector given by u = y — x,
for every point y € S. The set of all vectors emanating from point x is a vector space denoted
.S ={ueV:u=y—-x, Yy € S8} and called tangent space to S at x. In the differential
geometrical definition, the tangent space 7,.S is the set of the vectors that are each tangent at x to
one of the infinite possible regular curves ¢ : [a,b] — S : s — c(s) such that ¢(s¢9) = x, where

5o € |a, b|, i.e., the vectors (see Figure 3.1)
c(so + h) —c(s0)

u= }lllir(l) - =((so) € T,S. (3.1)

For the case of an affine space S, this definition of tangent space 7S coincides with that given
by the expression # = y — x. Indeed, by varying the curve ¢ passing by x, we obtain all possible
“tip points” y of the tangent vectors defined as # = y — x. The dual space of 7,.S, i.e., the vector
space of all linear maps ¢ : T,S — R, is denoted TS and is called the cotangent space to S at x.
The disjoint unions of all tangent and cotangent spaces are called tangent bundle TS and cotangent

bundle T*S, respectively.

u=c(sg) €T, S

x = ¢(s0)

x = ¢(s0)

c([a,b]) c S c([a,b]) c S

Figure 3.1: Differential geometrical definition of tangent vector at a point x € S. Left: the secant
vector ¢(sg + h) — c(sg) passing by x = c¢(sp). Right: the tangent vector u = ¢’(s9) at x = c(so),
obtained as the limit of the secant.

Vector fields and covector fields (or fields of one-forms) on an open set A C S are maps

u: ACS—->TS:x ulx) eT,S, (3.2a)

p: ACS >TSS : x> p(x) € TS, (3.2b)
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and tensor fields of higher order are defined analogously. Rather than speaking of contractions
of vectors and covectors in a specific tangent and cotangent space, we can directly speak of the
contractions of vector fields and covector fields in the tangent and cotangent bundle, and we denote

the contraction by means of simple juxtaposition, i.e.,

ou=uep=p,u". (3.3)

The physical space S is equipped with a metric tensor g, a symmetric and positive definite

second-order tensor field defining the scalar product of two vector fields as
g:TSXTS - R:(u,v)— (u,v) =gu,v) = u g v’ (3.4)

We always assume to employ the Levi-Civita connection, i.e., the covariant derivative associated

with the metric tensor g via the Christoffel symbols given by (see, e.g., Marsden and Hughes, 1983)

Ve = %gad(gcd,b + &bd.c — &be.d)s (3.5)

which are symmetric in their lower indices, i.e., 7Zc = )/gb. The covariant derivative v,v of the

vector field v in the direction of the vector field u has the component expression
[Vuv]? = v ub = v ub + Yoo V© u. (3.6)

and defines the gradient gradv as the tensor field such that its definition as a linear map is
(gradv)u = v,v, with components [grad v]“, = v¥;,. The covariant derivative and the gradient of

a tensor field of arbitrary order are defined analogously.

Remark. A scalar is a tensor of order zero and thus we find more natural to use the convention
adopted by, e.g., Epstein (2010, see page 116) and to consider the gradient of a scalar field f as the

covector field (or one-form) grad f such that (grad f)(u) = v, f, as for a tensor of any other order.
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Accordingly, the components of grad f are f,. The other possible convention is that adopted by
Marsden and Hughes (1983, see page 69), according to which the gradient of f is the vector field
with components g“b f». Note that, in either case, since f is a tensor of order zero, the Christoffel
symbols of the connection are not involved in the gradient, which is thus connection-independent.
There are several advantages in defining the gradient as a covector. First, this definition is metric-
independent, whereas the vector definition clearly necessitates that a metric tensor g be defined.
Second, the covector definition accommodates the analytical mechanical definition of force as a
covector field: indeed, an integrable force is the negative of the gradient of a potential energy and
is thus consistently represented as a covector field. Finally, with the covector definition of grad f,

we have the remarkable chain of identities

vf=grad f =df =D, 3.7

where df is the exterior derivative of f, when seen as a zero-form (see, e.g., Epstein, 2010,
page 116), and D f is the Fréchet derivative (or tangent map) of f, when seen as a point map from

A c Sinto R.

In the following, the physical space S is identified with the affine space E3, which is R?

considered both as the point space and as the modelling vector space.

3.1.2 Bodies, Configurations and the Deformation Gradient

In the simplified presentation that we adopt, a deformable continuous body B is identified with
one of its placements in the physical space S, and this particular placement is called reference
configuration. The body is assumed to be endowed with the material metric G, which induces the
corresponding Levi-Civita connection, similarly to what seen for the spatial metric g.

A configuration, or deformation, of the body is an embedding

¢:B—>S: X x=¢X), (3.8)
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i.e., a map such that its codomain-restriction ¢ : B — ¢(B) is a diffeomorphism, i.e., a continuos
and differentiable map, which is invertible, with continuous and differentiable inverse @ = ¢“ :
#(B) — B. The configuration ¢ maps material points X = (X', X2, X?) in the body B into spatial
points x = (x!, x% x*) in S, i.e., ¢(X) = x.

Since we are going to introduce another class of configurations, called Eshelbian, we shall refer
to the standard definition of configuration given above as to a conventional configuration. The set of
all k-times differentiable conventional configuration maps (with k € N) constitutes the conventional
configuration space C of the body B. Since S is an affine space, the space C¥(13, S) of the k-times
differentiable maps from B into S is an infinite-dimensional affine space. Thus, considering C
as an open set in Ck(B, S) (Marsden and Hughes, 1983) makes C an infinite-dimensional trivial
manifold. A tangent vector 77 in the functional tangent space 7,C can be thought of as the tangent at
¢ to a curve of maps in C (i.e., a one-parameter family of maps in C), and is a vector field covering

the configuration ¢, i.e.,

N:B->TS: X nX)eTyx)S =T.S. 3.9

The vector field n is called a (conventional) displacement field (and, when compatible with the
constraints, but not necessarily attained by the body, it is called a virtual displacement). Figure 3.2
shows the displacement 7(X) = np(®d(x)) as a tangent vector at 7,S and an illustration of the
configuration space with the displacement field i as a tangent vector at TC.

The deformation gradient at point X is the tangent map of ¢, i.e., the tensor

(Te)X)=F(X):TxB = T,S, (3.10)

with x = ¢(X), expressing the Fréchet derivative of ¢ at X. Since the existence of the Fréchet

derivative of ¢ implies the existence of its Giteaux derivative (or directional derivative), F(X) can
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Figure 3.2: A conventional displacement field. Top: The displacement p(X) = p(®(x)) € T, S as a
tangent vector attached at x = ¢(X). Bottom: The displacement field 5 as a tangent vector attached
at the configuration ¢, which is a point in the configuration space C, here depicted as a surface, for
the sake of an intuitive graphical representation.

be defined through the limit

@) = tim PEIDZIED) gy epmn = room, 3.11)

and the Giteaux derivative dyd(X) of ¢ with respect to any tangent vector M € Tx B equals the

Fréchet derivative F(X)M, which is linear in M. In components, Equation (3.11) reads

(Om @) (X) = (Te)*s(X) M® = Fp(X) MP = ¢° p(X) M”, (3.12)

where we recall that the comma denotes partial differentiation. Note that F(X) is a two-point tensor
as it has the domain leg in TxB and the codomain leg in T,,S. As a tensor field, the deformation

gradient is

F:B->TS®T*B. (3.13)
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The deformation gradient F pushes-forward material vector fields M with components M4 into
spatial vector fields ¢,M = (F o ®)(M o ®) with components (F%4 o ®) (M4 o ®). The inverse
F~! pulls-back spatial vector fields m with components m? into material vector fields ¢*m =
(F~! o ¢) (m o ¢) with components (F~1)4, o ¢) (m® o ¢). The transpose FT pulls-back spatial
covector fields 7t with components 7, into material covector fields ¢z = (F! o ¢) (7 o ¢) with
components (FT)4%0¢) (1,04) = F*4 (1,0¢). The inverse transpose F ! pushes-forward material
covector fields IT with components IT, into spatial covector fields ¢.IT1 = (F~7 o @) (IT o ®) with
components (F~7),4 o ®)(I14 o ®) = (F~ )4, (IT4 o D).

The determinant J = detF has the meaning of volume ratio, in the spirit of the theorem of
the change of variables applied to the transformation from the spatial region ¢(R) C S to the

corresponding material region R C B.

3.1.3 Eshelbian Configurations and Their Tangent Maps

Grillo et al. (2003) introduced the concept of admissible reference configuration set of a body as
the set of all reference configurations obtained by appl ying a diffeomorphism to the reference
configuration B representing the body (which has some similarities with the idea of boundary
reparametresations introduced by Gurtin, 1995). Here, we make use of this concept in a slightly
different way.

An Eshelbian configuration Y is a diffeomorphism on the body B. Since we define the body
B as a trivial manifold, i.e., an open subset of the physical space S, the codomain of an Eshelbian
configuration Y should be the whole space S and the image would be an open set B = Y(B) c S.
However, if the body B were a non-trivial manifold, the image B = Y(B) would be another non-
trivial manifold. To keep the notation as general as possible, we prefer to avoid declaring S as the
codomain of Y. Rather, we consider all admissible diffeomorphisms Y, each with its image B, and
we obtain the collection of all admissible reference configurations 3, which clearly also contains

B itself (see also Grillo et al., 2003). Then, we consider the union N = Uylg of these mutually
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diffeomorphic sets B3, and define the generic Eshelbian configuration as
Y:BoN: X X =YX), (3.14)

which has the further notational advantage of not tying Y to its specific image /.
Analogously to the case of a conventional configuration, the tangent map of an Eshelbian

configuration at point X is the tensor
(TY)X) : TxB — TN, (3.15)
with X = Y(X). Again, (TY)(X) is the Fréchet derivative of Y at X and, since Y is a diffeomorphism,

(TY)(X) can be computed by means of the Gateaux derivative of Y at X, i.e.,

@) = im DEIDZIX gy, (3.16)

The material identity map is the particular case of Eshelbian configuration obtained by consid-

ering that B ¢ NV, and is defined as

X:B—-B: X+ X=X(X), (3.17)

with the component representation

X4:B-oR: X X4 =X4X) = 04X, X2, X3). (3.18)

Its tangent map is clearly the (material) identity tensor in 75, i.e.,

TX=1:TB—ThB, (TX) g = XA 5 = 6%5. (3.19)

Also in the case of Eshelbian configurations, we can exploit the affine structure of S: since all sets
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BB are open subsets of S, also N = Uy[; C & is an open set, and thus we can define the space of all
Eshelbian configurations as an open subset M of the infinite-dimensional affine space C*(B, ),

which makes M an infinite-dimensional trivial manifold.

Remark. In our setting, in which the physical space S is an affine space and a body B is a subset of
S, the distinction between a conventional configuration ¢ : B — &S and an Eshelbian configuration
Y : B — N seems to fade out, because N = Ug[;) C S. However this is not the case, as will become
clear from the explanation given in Section 3.2 (see also Figures 3.3 and 3.4). Moreover, when B is a
general manifold, the distinction is fundamental. In this case, while a conventional configuration ¢
remains an embedding of B in S, i.e., it gives B a placement ¢(BB) C S, an Eshelbian configuration
transforms the manifold B into a different manifold B, which — like B — is not necessarily a subset

of §.

A tangent vector U € Ty M is a vector field
U:B->TB:Xw— UX)eTxB, (3.20)

and is called a material displacement field. When an Eshelbian configuration Y : B — N, is

defined as a perturbation of the material identity X, i.e.,
YX) = XX)+hUX) =X +hUX), YA(X)=X4X)+hUANX)= X"+ hUAX), (3.21)

where i € R is a smallness parameter and U € Ty M, it is called an “infinitesimal transformation

of the coordinates”, in the language of field theory. Omitting the argument X, we can write
Y=X+hrU, Y*=x*+nU" (3.22)
The tangent map of Y in Equation (3.22) is expressed by

TY=TX +hGradU =I + hGradU, (TY)*p=(TX)'p+hU*p=06"+hU"5 (3.23)
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where I is the material identity tensor and Grad U, with components UA| B, is the gradient (or

covariant derivative) of U. For h — 0, the Jacobian determinant of 7Y is

det(TY) = det + hGradU) = 1 + h'Tr(Grad U) + o(h)

=1+ hDivU +o(h) = 1 + hU% 4 + o(h). (3.24)

3.1.4 Conventions on Forces and Stresses

As mentioned in Remark 3.1.1, in the analytical mechanics / field theory approach, followed by,
e.g., Hill (1951) and Eshelby (1975), forces are regarded as covector fields, acting on velocity or
displacement vector fields. Thus, the contraction of a force with a velocity or displacement is given
precisely by (3.3). Consequently, the first leg of the stress (the “force leg”) is a covector, while the
second leg (the “area leg”) is a vector. Indeed, in the expression of Cauchy’s theorem, the traction

vectors relative to the spatial and material elements of area are given by

t,=on, ty=PN, (tn)a = 0’ npy (tN)a = P.B Np. (3.25)

In Equation (3.25), n is the normal covector to a surface element at the spatial point x = ¢(X)
in the current configuration, N is the normal covector to the corresponding surface element at
the material point X in the reference configuration and the first Piola-Kirchhoff stress is related to

Cauchy stress by means of the backward Piola transformation

P=J(ocog¢)FT, PB =17 (0.l 0o¢) (FT),B. (3.26)

Equations (3.25) and (3.26) show that the tractions ¢, and ty are indeed covectors if the Cauchy
stress o and the first Piola-Kirchhoft stress P, respectively, are treated as “mixed” tensors (we
remark that ty # £,, since N is related to n by the formula of the change of area, also known as

Nanson’s formula; see, e.g., Bonet and Wood, 2008).
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3.2 Eshelby’s Original Derivation of the Weak Form

Eshelby (1951) derived the weak form of the expression of the configurational force balance by
means of a thought experiment subdivided in several steps. This form is weak as it is an integral
equation expressing a virtual work. We note that, in this section, we define the total energy Cp in
aregion D of the body as a functional on the manifold M, the Eshelbian configuration space.
Eshelby (1951) considered a body B, subjected to constraints and external loads, and in whose
interior is located a defect of any kind: a point defect, a dislocation, an inclusion, or even a region
in which the material properties are inhomogeneous. To fix ideas, we follow Eshelby’s graphical
example with a point defect, as shown in Figure 3.3. The left panel in Figure 3.3 shows what
Eshelby called the original body, in which a region D (highlighted in dark grey), bounded by the
smooth material surface £ = 90D, is selected such that the defect is contained in D. The right
panel in Figure 3.3 represents a replica of the original body, in which a different region D (also
highlighted in dark grey), bounded by the smooth material surface &£ = 3D, is selected so that the
defect is contained in D (see also Kienzler and Herrmann, 2000). Since X and ¥ are both smooth,
it is always possible to find an Eshelbian configuration Y transforming D into D, i.e., Y(D) = D.
Moreover, if T and £ are “close enough”, then D is obtainable from D through a perturbation of

the form defined in Equation (3.21), whose domain restriction to D is
YD ->B: X YX)=XX)+ hU(X), (3.27)

where we recall that 4 is a smallness parameter. Note that Eshelby (1951) chose AU to be a
uniform (i.e., rigid) material displacement field 2 U(X) = —h U over D. Eshelby’s choice makes
the procedure easier to illustrate and yields directly the strong form of the inclusion problem. Here,
we derive the weak form first and then obtain the strong form by adding Eshelby’s assumption,
hU(X) = —h Uy, at the very end. However, it is helpful to keep the uniform displacement —h U
in one’s mind and, to this end, we chose to represent this uniform displacement in Figure 3.3,

following Eshelby’s original thought experiment.
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Figure 3.3: Determination of the force on a defect (the solid black circle). Left: original body,
with the defect contained in a region D, bounded by the smooth surface ¥ = dD. Right: replica
body, with the defect contained in a different region D, bounded by the smooth surface £ = dD.
As in Eshelby’s original scheme (Eshelby, 1975), here we depict the material displacement 2 U as
being uniform over the material region D enclosed by the surface X, i.e., hU(X) = —h U for every
X eD.

We remark that, since the map Y of Equation (3.27) is Eshelbian, the body is undergoing no
deformation, in the sense that it is not changing its shape, but only its configuration. Indeed, one
chooses the surface X enclosing the region D and the surface £ enclosing the region D independently
and then finds a suitable Y mapping D into D. Clearly, this mere fact does not displace the defect at
all, but simply represents a different choice of enclosing surface. The displacement of the defect in
the reference configuration actually takes place when we replace the region D in the original body
with the region D cut from the replica body (which is straightforward in the case of a Eshelby’s
rigid displacement —/ U), where D and D are related by the material transformation Y described
by (3.27). Note that, in this replacement, the defect is moved together with the region D (see point
(iii) below).

Our goal is to determine the variation in energy accompanying this change in reference config-
uration. In order to achieve this, we perform the thought experiment proposed by Eshelby (1951,

1975) and described below.

(i) In the original body, cut out the material in the region D. If the body is pre-stressed for any
reason, then apply traction forces to the boundary ¥ = 9D of the cavity that has been created,

in order to avoid relaxation.
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(ii) Similarly, in the replica body, cut out the material in the region D = Y(D) and apply suitable
tractions to the boundary £ = 9D = 9[Y(D)] = Y(dD) to prevent relaxation. Let us denote

the total elastic energy 8% : M — Rin Y(D) by

edY) = A (D)W: /D det(TY)W o Y, (3.28)

where we used the theorem of the change of variables to transform the integral over the
displaced region Y(D) into an integral over the original region D. Similarly, in the original

region, the total elastic energy would be

e2(X) = /D W = /D WoX, (3.29)

where we exploited the identity X(X) = X in writing W = W o X. Therefore, the difference in

energy due to the perturbation Y (i.e., due to the different selection of the surfaces ¥ and X) is
EX(Y) — ED(X) = /Ddet(TH) WolY-— /D WoX= /D[det(ry) WolY-WoX]. (3.30)

By expressing the map Y as Y = X + h U (see Equation (3.21)), considering that, for 4 — 0,
detTY =1+ hDivU + o(h) (see Equation (3.24)) and

WoY=Wo(X+hU)=WoX+h[(GradW)o X]|U + o(h), (3.31)
Equation (3.30) becomes
8%(36 +hU)- 8%(36) = / [h (WoX)DivU + h[(Grad W) o X]U + o(h)]. (3.32)
D

Now, we can divide both sides of Equation (3.32) by % and take the limit for # — 0 so that,

on the left-hand side, we have the variational Gateaux derivative of 8% with respect to the
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material displacement field U € T M, evaluated at the identity map X, i.e.,

el _ cel
(U ED)NX) = }llir% Eptt +h lh]) o) = / [(WoX)DivU +[(Grad W)oX]U]|. (3.33)
- D

By using the identities (Grad W) o X = Grad W and W o X = W, we can write
(OuEHN(X) = /D [WDivU + [Grad W] U], (3.34)

which, using by Leibniz’ rule and the identity Div(W U) = Div(W I U) (where I is the

material identity tensor), becomes
(O EDNX) = /D Div[WIU]J. (3.35)

(iii) Before the deformation ¢ occurs, the region D = Y(D) that had been isolated from the replica
body could be “transplanted”! into the cavity (resulting from the elimination of the original
region D) in the original body by simply applying the opposite displacement field —A U.
In Eshelby’s choice of a uniform displacement, this would be the rigid translation h Uy, as

shown in Figure 3.4. This is as if the defect had been displaced of the amount 2 U.

However, after the deformation ¢ occurs, ¢(D) = ¢(Y(D)) from the replica and (D) from
the original body are different in general, and thus ¢(D) = ¢(Y(D)) may not fit the cavity
with deformed surface d[¢(D)] = ¢(0D) = ¢(X) in the original body. Indeed, the points of
the deformed surface d[¢(D)] = #(0D) = #(X) in the original body and the points of the
deformed surface d[¢(Y(D))] = ¢((Y(D))) = #(dD) = ¢(£) in the replica body generally

differ by the (conventional spatial) displacement

¢(X + hU(X)) - ¢(X) = [F(X)|(hU(X)) + o(h), (3.36)

I'We are borrowing the term “transplant” from Epstein and Maugin (2000) and Imatani and Maugin (2002), but
with a more strictly “surgical” meaning.
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Figure 3.4: Before the deformation ¢ takes place, the region D = Y(D) could be transplanted
from the replica (right panel) to the original body (left panel), into the cavity resulting from the
removal of the original region D, by simply applying the negative of the displacement —/ Uy. This
procedure effectively displaces the defect by the amount /2 U in the original body. We remark that
this no longer holds after deformation has taken place.

which, recalling that X + A U(X) = Y(X) and X = X(X), omitting the argument X and using

the linearity of F', can be written as

poY—¢poX=hFU+o(h). (3.37)

In order to deform the surface ¢(X) = ¢(9D) of the cavity in the original body in such a way
that ¢(D) from the replica body can exactly fit in it, we must adjust the deformation. This
can be achieved, in fact, by introducing a new deformation, ¢, which, applied to Y(D) = D,

is such that the overall displacement is null, i.e.,

d(Y(X)) - p(X) = 0. (3.38)

Since ¢ has to adjust ¢ in order to eliminate the mismatch generated by the combined effect
of Y and ¢ (note how the composition ¢ o Y is, in fact, the mathematical representation of the

“combined effect”), it is natural to define ¢ as a perturbation of ¢. Hence, we set

é=¢+hn, (3.39)

where, without loss of generality, the same smallness parameter, 4, is used as that defining
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Y =X + hU. With the aid of (3.39), and in the limit # — 0, Equation (3.38) becomes

po(X+hU)+hno(X+hU)—¢oX
= hFU + o(h) + hy + h*[n o X]U + o(h?)

= h[FU + 5] + o(h) = 0. (3.40)

At the lowest order, Equation (3.40) gives the condition sought for n, i.e., that it has to

compensate for U, thereby yielding
FU+np=0 = -hn=hFU. (3.41)

This interpretation of the displacement 7 is the core of Noether’s Theorem, which will be

addressed in Section 3.4.

The work necessary to adjust the deformation of B \ D according to (3.39) is exerted by the
first Piola-Kirchhoff surface traction P(—N) = —PN, where the minus sign comes from the
fact that we regard N as the outward normal to the boundary X = 9D of D, which is inward
with respect to the remainder B \ D of the body. The integral of this work per unit referential

area over the surface £ = 9D gives what Cermelli et al. (2001) called the “net work”

M (Y) = /@ PN) () + o

=—h / (PN)(FU) + o(h) = —h / [(FTP)'U|N + o(h), (3.42)
oD oD

where we rewrote the covector-vector contraction (FU)(PN) by using the definition of

transpose, i.e.,

(FU)(PN) = F*, U*P,B Ng = (P")2, F s UA Np = [(FT P)"|B, U N

= [(FTP)'U]N. (3.43)
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@iv)

Note that, for the sake of a lighter notation, we are writing F” and P’ for FT o ¢ and PT o ¢.
Rigorously speaking, the composition by ¢ would be necessary, since F! and P” are defined
in the current configuration ¢(B) (Marsden and Hughes, 1983). Since N is the outward
normal to £ = 9D, the net work (3.42) is the negative of the work that the Piola tractions PN
would exert over the displacement —/ i of Equation (3.41) on the referential surface X = 9D,
seen as the boundary of the referential region D. This observation allows us to apply the

divergence theorem to (3.42), which yields
ENY) = -h /D Div[(FTP)'U] + o(h). (3.44)

This can be made into an increment by expressing the map Y as'Yy = X + h U, and considering

that 8;‘3W(9C) =0,i.e.,
EN(X+hU) - EN(X) = -h / Div[(FTP)'U] + o(h). (3.45)
D

Now, dividing by & and passing to the limit # — 0, we obtain the functional directional

derivative

ER(X+hU) = ERX)
h

(Ou ERNX) = lim — /D Div [(FTP)TU]. (3.46)
The deformed transformed region ¢(D) = ¢(Y(D)) from the replica body can finally be
exactly suited into the cavity left by the removal of D in the original body and we are able to
weld together across the interface. We note that Eshelby (1975) needs to make considerations
on the infinitesimals of order greater than 4. In our approach, these are automatically taken
care of (and eliminated) by the limit operation in Equation (3.46). To cite Eshelby (1975)

verbatim, except for using our notation for the displacement,

“We are now left with the system as it was to begin with, except that the defect has

been shifted by —h U = h Uy, as required.”
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The associated variation in the total energy Ep : M — R of the system is obtained as

&p =85+ &1, i.e., by summing Equations (3.35) and (3.46), i.e.,

Oy &p)(X) = /D Div[WIU]| - /D Div[(FTP)'U], (3.47)

which can be written as

(O Ep)(X) = /D Div[€'U| = /a D((2N)U. (3.48)

Equation (3.48) quantifies the variation in energy necessary to obtain a new reference config-
uration in which the defect is displaced in direction U with respect to the original one. In the

context of the theory of defects, Eshelby (1951) called the tensor €, with the expression
€=wI'-F'P, €sB =wésa8 - Fiy PP, (3.49)

the Maxwell tensor of elasticity and later (Eshelby, 1975) the energy-momentum tensor, in
analogy with Maxwell’s terminology from field theory. This analogy will be completely clear
in Section 3.3. Later, Maugin and Trimarco (1992) gave € the name of Eshelby stress in his

honour.

At the end of Eshelby’s thought experiment, we have the expression in Equation (3.48), which

can be thought of as the virtual work exerted by the Eshelby tractions € N on the material displace-

ment field U on the boundary 0D of the region D. Using Eshelby’s assumption U(X) = —-U| for

every X € D, we can write Equation (3.48) as

(O-u,Ep)(X) = — /D (Div€) Uy = — /6 D(@N)Uo. (3.50)

In order to obtain (in our notation) Equation (17) in the paper by Eshelby (1951), we use Cartesian
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coordinates, so that it is legitimate to rewrite the integral as

FU) = (0_y,Ep)(X) = — (/ Div (9) Uy = - (/ (eN) U, (3.51)
D oD

where F was defined by Eshelby as the fotal inhomogeneity force, producing work over the uniform
virtual displacement U,. We remark that the total inhomogeneity force F can only be defined in
the case of Cartesian coordinates, which is the only particular case in which integration of a vector

field makes sense (see warning at page 134 in the text by Marsden and Hughes, 1983).

3.3 Eshelby’s Variational Derivation of the Strong Form

In his seminal paper, Eshelby (1975) used a variational approach and wrote the Euler-Lagrange
equations for a generic system with a potential energy depending — in the language of classical field
theory — on fields, “gradients” of fields and coordinates. In this quite general framework, Elasticity
can be seen as a particular case. Here, we follow Eshelby’s derivation (Eshelby, 1975) step by step,
using our notation and adding our comments. Then, we shall show how this specialises to the case
of large- and small-deformation Elasticity. The only difference with Eshelby’s procedure is that,
whenever we look at the variational problem as an elasticity problem, our fields are the components
of the configuration map, rather than the components of the displacement. Note that, in contrast
with Section 3.2, here we define the total energy Ep in a region D of the body as a functional on
the manifold C, the conventional configuration space.

Let us assume a potential energy density W, defined per unit referential volume, given by
W(X) = W($(X), F(X), X), (3.52)

where ¢ is a collection of scalar fields (in the case of continuum mechanics, the configuration map,
with components ¢), F is the collection of the gradients of the fields (in our case, the deformation

gradient, with components F“4 = ¢“4), and X is the collection of the independent variables
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(in our case, the material coordinates X*). Note that we distinguish between the scalar field W
(function of the coordinates X4) and the associated constitutive function W (function of the fields
¢“, the gradients F*, = ¢° 4 and the coordinates X4). By using the material identity map X of
Equation (3.17) (such that X = X(X), in components, X4 = X4(X))), the potential energy can be

rewritten in the form
W(X) = W($(X), F(X), X(X)) = [W o (¢, F, 0)|(X). (3.53)
Thus, by dropping the argument X on the far left and the far right sides, we have
W =Wol(gF,X). (3.54)

In order to find the Euler-Lagrange equations associated with W = W o (¢, F, X), we need to

consider the total energy €5 : C — R over the whole body B, given by

83(¢):/W:/Wo(¢,F,3C), (3.55)
B B

and calculate its variation with respect to a conventional displacement 7, which is given by the

Gateaux derivative

Ep(¢ + hi) — E5(9)
h

1 . .
= %in%z/ [Wo(¢+hnF+hGradn,X)-Wo (¢, F,X), (3.56)
- B

(0,€5)(@) = lim

with 57 chosen in a suitable subset of 7,C N C Y(B,TS), as will be clarified later in this section. In
the jargon of field theory, this is called a “variation on the fields, with frozen coordinates”, i.e., we

are going to calculate the integral on the fixed domain B. The transformation on the configuration
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map ¢ (the “fields” ¢¢) is given by

p—>d=¢+hn, (3.57a)

¢ = " = ¢" + hn’, (3.57b)
and the transformation on the tangent map 7'¢ = F (the “gradients” F%4 = ¢“ 4) is

T¢=F—T¢=F =T(p+hn)=F + hGradn, (3.58a)

(ba,A = FaA = FaA = (5“,,4 = ¢a’A+hﬂa|A = FaA+l’lT]a|A, (358b)

where Grad i, with components 17 4, is the covariant derivative of the displacement 5.

We follow the standard derivation by expanding the argument of the integral as

Wo(¢+hnF +hGradn,X)—Wo (¢, F,X) =

oW )4
= ,F,X) hn®
a¢a°(¢ ) hn * 3Fa

o(¢,F,X) hns+o(h), (3.59)

substituting in (3.56) and performing the limit, which results in

oW T .
@peao) = [ |55 0004 S o0 F
:/B[—fa n* + P, 4] :/B[—fn+P:Grad1]], (3.60)
where f and P are given by
ow oW
fa = _5¢a o(¢p, F,X), f= —% o(¢p, F,X) (3.61a)
A_ aW o = @ o
P, = oFa, (¢, F,X), P = oF (o, F,X). (3.61b)

In the case of elasticity in continuum mechanics, when the potential is given as the sum of an elastic
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potential and a potential of the external body forces, i.e.,
Wo (¢, F,X)=We o (F,X) + Wex 0 (6, X), (3.62)

the covector field f and the tensor field P take the meaning of external body force per unit volume

and first Piola-Kirchhoff stress, respectively. Now, considering that
P :Gradn = P, n°ia = (P,* 1%)a — Po”|a n° = Div(P'yp) — (Div P) n, (3.63)
the variation becomes

(OyEB)(D) = /B [ - f 1+ Div(n P) - (Div P) ]

= —/(f +DiVP)n+/DiV(qP) (3.64)
B B

and, by applying Gauss’ divergence theorem,

(OyE5)(@) = - /B (f + DivP)q + /a (PN (3.65)

where N is the normal to the boundary 98 and (PN)n = n (PN).

We now look for a configuration ¢ at which €z(¢) is stationary. For this purpose, we impose
the condition (9,E5)(¢) = 0, in which ¢ is unknown, and we study it under the restriction that
n vanish on 0B (Hill, 1951). This choice annihilates the surface integral on the right-hand-side

of (3.65), so that the stationarity condition becomes

(0,68)(8) = —/B(f +DivP)p=0, neV, (3.66)

where V := { € T,CNCYB,TS) : n(X) =0, V X € dB}. We require now that (3.66) be satisfied
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for all p € V, which leads to the Euler-Lagrange equations
f +DivP =0, fu+ P4 =0. (3.67)

If the external body forces acting on B are only those given by f, which admit the potential
density Wey o (¢, X), Equation (3.67) represents, in continuum mechanics, the Lagrangian (static)
equilibrium equations, i.e., spatial equations described in terms of the material coordinates. If ¢
is a solution to (3.67), and the boundary of B can be written as the disjoint union of a Dirichlet
part and a Neumann part, i.e., 08 = dpBB U dyB, then the variation (d,E3)(¢) in Equation (3.65)

becomes

(OyEE)(@) = /a (PN = /a (PN (3.68)

where the surface integral is restricted to the Neumann boundary, dy BB, because the displacement
7, although being arbitrary, has to vanish on the Dirichlet boundary, dpB. In this case, the
stationarity condition on € requires the vanishing of the surface integral on the far right-hand-side
of Equation (3.65) . This can be obtained if dyB is a set of null measure, or if no contact forces
are applied onto dyB. On the contrary, when contact forces are present, the stationarity condition
on &z must be corrected by requiring that (9,E3)(¢) be balanced by the work performed by the
contact forces on 5. This result follows from the extended Hamilton’s Principle (dell’Isola and
Placidi, 2011).

If Equation (3.65) is referred to a set D C B, and is evaluated for a configuration ¢ solving (3.67),
the volume integral vanishes by virtue of the Euler-Lagrange equations, while internal contact forces
are exchanged through dD. In this case,  is not required to vanish on 0D, and the variational

procedure leads to

(OyED)(#) = /a N (3.69)
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thereby returning the virtual work exerted by the contact forces acting on 0D.
Let us now assume that ¢ satisfies the Euler-Lagrange equations (3.67), and let us take the
material gradient Grad W of the energy density W, i.e., the partial derivatives of W with respect to

XB

WB = [WO (¢’F’ x)]ﬂ

A A A

ow 4 1174 ) oW
= [(M" °(¢.F, DC)] ¢ B+ 3F ° (¢, F, DC)] Flap+ 555 © (¢, F,X)
oW
—_ a A a
= ~faF g+ Pa" Flap + 9B o (¢, F,X), (3.70)

where we used the definitions of the components of the deformation gradient, F'“4 = ¢“ 4, of the
body force and the first Piola-Kirchhoft stress, and F“ 4/ are the components of the third-order
two-point tensor Grad F'. The last term in Equation (3.70) is usually called “explicit” gradient of
the field W and denoted (0W /0 X8 )lexpl in the literature (e.g., Eshelby, 1975; Epstein and Maugin,
1990), whereas we regard it as the collection of the partial derivatives of the constitutive function
W with respect to X® (which, we recall, are the functions such that X8(X) = X5). The negative of
the “explicit” gradient defines the material inhomogeneity force or configurational force
oW oW

8‘:——0(¢,F,:X:), Ja =

o ~—x © (@ F.X). (3.71)

Substituting the expressions of the Lagrangian force f, the Piola-Kirchhoff stress P, and the

configurational force § into Equation (3.70), we obtain

GradW = —FTf + P : Grad F - §, (3.72)

€,

where the double contraction ““:” in the second term is of the two legs of P with the first two legs of
Grad F. By invoking the symmetry of the Christoffel symbols Fgc associated with the Levi-Civita

Connection induced by the material metric G, so that F“ 43 = F*“ g4, we work out the second term
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on the right-hand-side of (3.72) in components, i.e.,
Py Féap = P Fipa = (Po" Fp)ia — P’ |a F'5, (3.73)
which, in component-free notation, reads
P : GradF = Div(FTP) — FTDivP. (3.74)
By substituting this result into (3.72), we obtain

GradW = —FT f + Div(FTP) - FTDivP - §

= —FT[f + DivP] + Div(FTP) - §. (3.75)
Moreover, using the Euler-Lagrange equation (3.67) yields
Grad W = Div(FTP) - §. (3.76)

Finally, by virtue of the identity Grad W = Div (W1 T), where I is the material identity tensor,

Equation (3.76) becomes
§ +DiveE =0, Fa+Ca% =0, (3.77)

where € is the Eshelby stress defined as in Equation (3.49).

Similarly to other field theories, like Electromagnetism or General Relativity, the tensor €
defined in (3.49) plays the role of the (“spatial” part of the) energy-momentum tensor of the theory
under study. However, we emphasise that, while € has been obtained with the aid of a variational
argument in the present framework, more general approaches exist, in which € is introduced
as a primary dynamical quantity (Gurtin, 1995). Equation (3.77) is called material equilibrium

equation or configurational equilibrium equation (Gurtin, 1995), by analogy with the equilibrium
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equation (3.67) described by the Euler-Lagrange equations.

According to Equation (3.71), if the body B is homogeneous, then we have

A

Fa(X) = - [53‘?;

o (¢, F, TX)](X) =0, VX € B, (3.78)

and Equation (3.77) implies the vanishing of the divergence of the Eshelby stress. On the contrary,
if there is any inhomogeneity in D (i.e., the derivative W /9X* is non-vanishing), this will be
captured by the integral of the traction forces € N of the Eshelby stress over the boundary 0D.
We now show that Equation (3.48) yields the weak formulation of the strong form described
in Equation (3.77). This is easy to see by referring to Equation (3.51), which we obtained from
Equation (3.48) (or Equation (3.50)) by working in Cartesian coordinates and using Eshelby’s dis-
placement U = —U, constant over D. Indeed, by solving the material equilibrium equation (3.77)
for &, using Cartesian coordinates, integrating over D, applying Gauss’ theorem and contracting

both sides with Uy, we obtain the total configurational force on the region D as the covector F

S’UO:—(/DiV(i')UO:—(/ (?N)UO:(/ﬁ)UO, (3.79)
D oD D

i.e., F is the integral of the inhomogeneity force density §, as we see by comparing with Equa-

such that

tion (3.51). Note that, if the body D is homogeneous, Equations (3.77) and (3.78) imply the
vanishing of the divergence of the Eshelby stress, and therefore the vanishing of the volume integral

and the equivalent surface integral on the right-hand-side of Equation (3.79).

3.4 Derivation of the Weak Form with Noether Theorem

In Noether’s Theorem, we need to contemporarily transform the domain and perform a variation
on the arguments of the Lagrangian. In the jargon of classical field theory, these are called a
transformation of the coordinates (material coordinates, in our case) and a variation of the fields,

respectively. Together, these give the total variation. We have already shown the transformation of
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the material coordinates in Section 3.1.3 and the variation on the fields in Section 3.3 and we turn
now to the total variation. Then, we apply Noether’s theorem to directly obtain Eshelby’s results.
In the application of Noether’s Theorem, we define the total energy €p of a region D as a functional

on the product manifold C x M.

3.4.1 Total Variation

In the language of field theory, the fotal variation is obtained by evaluating the variation of the
fields at frozen coordinates given in (3.57) and (3.58) at the transformed points X = Y(X), where
Y =X+ hU : B — Bis the infinitesimal transformation of the coordinates defined in (3.21), with
U € Ty M. In order to avoid confusion, some care must be exercised.

We recall that the manifold C is the configuration space of the body B, a configuration ¢ is
an element of C and a displacement field n is a tangent vector of 74,C. Let us denote by C the
configuration space of the “perturbed” body B = Y(B), to which the points X = Y(X) belong.
Consider the intersection 3N B3 and the restriction of the configuration ¢ and the displacement field
n defined in a subset D c B N B (see Figure 3.5). In this restriction, it is legitimate to evaluate ¢

and 5 at X.

Figure 3.5: A domain D (dark grey) in the intersection B N B between the body B (solid grey) and
the perturbed body B (transparent grey).

We now define the total variation C — C : ¢ — ¢ by evaluating the variations of the fields at
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frozen coordinates of Equations (3.57) and (3.58) at X € BN B, i.e., we define

dX)=¢X)+hnX),  ¢X)=¢"(X)+hn*X) (3.80)

and

F(X)=FX)+h(Gradn)(X),  F'a(X)=F'4(X) + hn*|a(X), (3.81)

where 4 is, with no loss of generality, the same smallness parameter as Y = X + A U. To obtain the
final form of the total variation, we substitute the transformation (3.21) of the coordinates into the
variations on the configuration (3.80) and on the tangent (3.81) of the configuration, respectively,

and use Taylor expansion. For the configuration, we have

dX)=p(X +hUX))+hn(X + hU(X))
=¢(X)+ hF(X)UX) + hn(X) + o(h), (3.82a)
¢‘(X) = ¢“(X + hU(X)) + hn“(X + hU(X))

= ¢“(X) + h FO3(X) UB(X) + hn*(X) + o(h), (3.82b)

from which, using #(X) = ¢(Y(X)) = (¢ o Y)(X) and omitting the argument X, we have

poY=¢p+h(n+FU)+o0(h)=¢+hw+o(h), (3.83a)
¢ oY =0+ h(n®+FgUP) +o(h) = ¢* + hw® + o(h), (3.83b)

where
w=n+FU, wé =y + FigUB. (3.84)
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For the tangent map, we have

F(X)=F(X +hU(X))+ h(Gradp)(X + hU(X))
= F(X)+ h(Grad F)(X)U(X) + h(Grad n)(X) + o(h), (3.85a)

FAX) = FOA(X + hUX)) + hn®|a(X + hU(X))

= F4(X) + h FO 5 i3(X) UP(X) + hp® | a(X) + o(h), (3.85b)
and thus,
FoY=F+h(Gradn + (Grad F)U) + o(h) = F + hY + o(h), (3.86a)
Fly0Y=Fa+h(ma+FapU" +o0(h)=F's+hYs+o(h), (3.86b)
where
Y = Gradn + (Grad F) U, Y =%+ Foap UP. (3.87)

3.4.2 Variation of the Total Energy

Since we are working in the static case, we replace the action functional and the Lagrangian density
with the total energy functional € and the potential energy density W. The total energy in a subset

D c Bn B is a functional on the product manifold C x M, i.e.,

Ep:CXM—->R: (YY) Ep(d,Y) = /y(D)WO(qb,F,DC), (3.88)

where the integration domain Y(D) must belong to the intersection B N B. We now consider the
coordinate transformation Y = X + h U, where U € Ty M is a tangent vector at the identity X, and

the field transformation is ¢ = ¢ + h1, where n € T,C is a tangent vector at the configuration ¢.
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The variation of the energy is given by the directional derivative

SD((];’ y) - 8D(¢’ x)
h

Wo (¢ F,X) - / Wo (o, F, :x)] , (3.89)
D

(O €D)( X) = lim

1
= lim =
hl—IR)h

9(D)

evaluated at the conventional configuration ¢ and Eshelbian configuration X, with respect to the
pair of tangent vectors (7, U) € T(4x)(C X M) in the product manifold C x M. Note also that, in
the second integral, we used X(D) = D.

Application of the theorem of the change of variables on the first integral in (3.89) yields

Wo (4 F,X) = [/ (1+hDivU) W o (8, F,X)o Y| + o(h), (3.90)
Y(D) D

where the determinant det(7Y) = 1 + h Div U + o(h) follows from Equation (3.24). We now notice

that

Wo(gF,X)oY=Wo(dpoY,FolY XoY)

=Wo(¢+hw+o(h),F+hY +o(h),X+hU), (3.91)

where we made use of the total variations (3.83) and (3.86), as well as of the identity X oY =Y =

X + hU. Now, we expand in Taylor series up to the first order, and obtain

A

Wo@,ﬁ,moy:Wow,F,ngZ:

.\ oW
OF,

A

o(¢,F,X) hw

o(¢,F,X)hY,

W o (6. F.%) hU® + o(h). (3.92)

T 9B
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Using Equations (3.90), (3.91) and (3.92) in the variation of the energy (3.89), we have

1 .
() ED)(#. ) = lim — [ X (W © (F.2) Uy +

W oW oW
o(¢, F,X) w" + o(dF,X) Y% +

T oge oFa, 9B

o (¢, F,X) UB) + o(h)] . (3.93)

The smallness parameter cancels out and the term o(h) disappears in the limit # — 0. Thus, we

write

(a(n,U)ED)(¢’ :X:) = /D (W o (¢’ F, x) UB|B +

w )14 )14
o(¢,F,X) w* + o(¢,F,X) Yy +

a(ba aFaA axB © (¢’ F7 x) UB 5 (3.94)

+

and we use the explicit expressions (3.84) and (3.87) of the total variations w and Y:

. )%
(O eD) (¢, X) = /D (Wo (. F,X) UP\p+ — o (8, F,X) (4" + F'p UP) +

o

ow

ow
2 © (@ F. 20 014+ Fa U +
A

3% o(¢,F,X)UB|. (3.95)

+

Since

oW ow

o A u . A
(W0(¢,F,ZX))7B = (9¢a (¢’F’x)F B+aFaA (¢’F’x)6 B> (396)

R
0(¢,F,:X:)F A|B+6f)CA

we have

(a(U,U)SD)(¢’ :X:) = /D (W o (¢’ F, x) UB|B + (W ° (¢’ F, :X:)),B UB +

w oW
o (¢, F,X)n" +

T g0 oFa,

o (6. F,X) nu|. (3.97)

Using Leibniz’ rule in the first two terms and in the last two terms and separating the integrals, we
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have

(0.0 ED) (¢ X) = /D l(WO(fﬁ,F, X) UB)|B+( oW

/
D

Now we use the definitions (3.61), which, in the context of continuum mechanics, give the body

o (¢, F,X) n“) ]
|A

W oW
o(¢,F,:X)—(

o(¢,F, X “. 3.98
500 Fa 0@ ))m]" (3.98)

force f and the first Piola-Kirchhoff stress P, use W = W o (¢, F, X) and change index A into B in

the first integral. So, we have

(a(n,U)gD)(¢’ :X:) = /D [(W UB)|B + (Tla PaB)|B] - /D (fa + PaAlA) TI“, (399)

which corresponds to Equation (17) in the paper by Hill (1951). In the first integral, we use
UB = UA 648 in the first term and the definition (3.83) of the total variation w to eliminate

n® = w® — F, U4 in the second term, and then we split the first integral into two, to obtain

(O €p)(¢, X) = /D [U" (W 64" = FU4 PP)] 5+

+ / (W P 5 / (fa + Pa™a) 0, (3.100)
D D

where we recognise the Eshelby stress €42 = W 6,8 — F, P,® defined in Equation (3.49). Finally,

we obtain

@) = [ (U* )+ [

i (w* P") 5 - /D (fa + Pa’1a) 0%, (3.101)

which, in component-free formalism, reads

@ E0)6.) = [ DivieTv)+ |

Div(P"w) —/(f+DivP)1]. (3.102)
D D

If the variation (3.102) is evaluated for a configuration ¢ solving the Euler-Lagrange equa-
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tions (3.67), we obtain

(Ov)ep)(¢, X) = / Div(¢'U) + / Div(P"w), (3.103)
D D

where the first two integrals contain the contributions to the Noether current density € U + PTw.
The extension of the result (3.103) to the case of the presence of non-integrable body forces f is

treated in Appendix A.4.

3.4.3 Eshelby’s Results and Conservation of Noether’s Current

The variational procedure followed in Section 3.4.2 was conducted by introducing the one-parameter
families of transformations Y(X) = X + hU = X and #(X) = ¢(X) + hn(X), which allowed to
compute the Giteaux derivative of total energy Ep along the pair of directions (i, U). Trans-
formations of this kind are said to be symmetries if they do not alter the numerical value of Ep,
i.e., if it holds true that Ep(d,Y) = Ep(ep, X) for sufficiently small values of 4. Following an
argument reported by Hill (1951), a condition ensuring the compliance with this equality and the
form-invariance of the Euler-Lagrange equations is obtained by means of what in field theory is
called a divergence transformation (Hill, 1951; Maugin, 1993). For the case of an infinitesimal

symmetry transformation, the divergence transformation reads
/(1 +hDivU)Wo (¢, F,X)oY = / [Wo (¢, F,X)+ hDivQ], (3.104)
D D

where Q = Qo X is a vector field to be determined. Note that, in order to leave the Euler-Lagrange
equations (3.67) invariant, Q must not depend on F (Hill, 1951). By dividing Equation (3.104) by

h and taking the limit for 7 — 0, we obtain

(0.0 ED)(#, X) — / DivQ = / [Div(€"U) + Div(P"w) - DivQ| = 0. (3.105)
D D
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According to this result, to a given pair U and w there corresponds the conservation law
Div(€"U) + Div(P"w) - DivQ =0, (3.106)

which allows to determine . In several circumstances of interest, such as the one related to the
conservation of momentum or angular momentum, one can take € to be zero from the outset and

look for transformations U and w leading to conservation laws of the form
Div(€"U) + Div(P"w) = 0. (3.107)

In the remainder of our work, we specialise to this case in order to retrieve Eshelby’s result in
the light shed by Noether’s theorem. Some remarks on divergence transformations are reported in
Appendix A.S.

Eshelby (1975) imposed = —F U, i.e., that the conventional displacement 5 be equal to the
negative of the push-forward of the material displacement U, as shown in Equation (3.41), in order
to preserve compatibility. This condition, in turn, imposes the vanishing of the total variation, i.e.,
w =n + FU = 0. With this hypothesis, the integral of Div (PTw) in Equation (3.103) vanishes

identically and the variation reduces to

(O E0)(6.X) = / Div(€7U). (3.108)
D

which coincides with the result shown in Equation (3.48).
Now we can exploit Noether’s theorem to obtain Eshelby’s final result. Noether’s Theorem

states that

For every continuous symmetry under which the integral Ep is invariant, there is a

conserved current density.

In this case, the Noether current density is € U. For it to be conserved, the divergence Div(€"U)

has to vanish and, in fact, a direct computation, in which the configurational force balance (3.77) is

79



used, yields the condition
Div((‘.’:TU) =€ :GradU + (Div€)U =€ : GradU —gU = 0. (3.109)

Equation (3.109) is known as Noetherian identity (Podio-Guidugli, 2001), and places restrictions
on the class of transformations U that comply with the requirement DiV((‘J’TU ) = 0, which can thus
be said to be symmetry transformations. Indeed, a field U is a symmetry transformation (i.e., it
leaves Ep invariant) if, and only if, it satisfies (3.109) (for a similar result in a different context, see
also Grillo et al., 2003, 2019). Looking at (3.109), we notice that, when the inhomogeneity force,
¥, vanishes identically i.e., when the body is materially homogeneous and, thus, the energy density

W does not depend on the material points, the Noetherian identity reduces to
DiV((E'TU) =€ :GradU = 0. (3.110)

This result implies that any arbitrary uniform displacement field U, for which GradU = 0, an-
nihilates the divergence of the Noether current density and is, thus, a symmetry transformation.
A body endowed with this property is said to enjoy the symmetry of material homogeneity. We
notice, however, that, when § is not null, U may no longer be uniform. This means that § breaks
the symmetry of material homogeneity and a new class of transformations U has to be determined.

We also note that, under the hypothesis of homogeneous material, Equation (3.108) implies
the vanishing of the divergence of €' U, and not of €. In order to obtain the vanishing of the
divergence of the Eshelby stress €, we implement the last of Eshelby’s hypotheses, namely the fact
that the material displacement U is uniform on D and given by U(X) = -U), for every X € D.
This implies that in the integral of Div((f:TU ) in Equation (3.111), the displacement U = —U, can

be brought out of the divergence, i.e.,

(O-vp)Ep)(@, X) = — /D(Div € U,. 3.111)
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which coincides with Equation (3.50) obtained using Eshelby’s original procedure. Now, the
vanishing of the variation due to the homogeneity of the material implies the vanishing of Div €,

as in the strong form (3.77) considered with condition (3.78).
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Chapter 4

Eshelby Force and Power for Uniform

Bodies

This chapter is based on Alhasadi et al. (2019)

In his pioneering study on the mechanics of materials with dislocations, Eshelby (1951) introduced
the mechanical counterpart of Maxwell’s energy-momentum tensor, which is now commonly
referred to as the Eshelby stress. The integral of the divergence of the Eshelby stress over a region
containing a defect represents the material or configurational force acting on the defect necessary
to cause the change in configuration needed to displace the defect. In a subsequent work, Eshelby
(1975) showed that, for an elastic body, the Eshelby stress arises naturally from a variational
approach, as the proper measure of stress in the material balance of linear momentum.

In another fundamental work, Noll (1967) defined a uniform body as a body in which every point
is made of the same material: in this definition, the energy function at each pair of points can be
related by a linear isomorphism (i.e., an invertible linear map) P, called material isomorphism. Noll
(1967) also showed that the torsion of the linear connection induced by the material isomorphisms
captures the presence of inhomogeneities in the body. We recall that, given a connection (also
referred to as covariant derivative) with Christoffel symbols Fgc, the torsion is the third-order

tensor Tor with components Tor g¢ = FQC - FéB. In the case of Noll’s material isomorphism P,
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the Christoffel symbols are given by l"é ' PA, (P~H¢p.

Later, Epstein and Maugin (1990) succeeded in finding a natural relation between Noll’s and
Eshelby’s theories by deriving an identity involving a “modified” Eshelby stress and the torsion of
the material connection, for a uniform body with inhomogeneities, in the static case, in the absence
of body forces and without growth.

The objective of this work is to use Eshelby’s variational approach (Eshelby, 1975) to obtain an
analogous differential identity in a uniform body in a general thermoelastic framework, involving
inertial effects, body forces and volumetric growth. To this end, it is convenient to introduce
the terminology Eshelby force for the divergence of the Eshelby stress. In the classic static case,
the Eshelby force is simply the negative of the configurational force. The identity that we obtain
involves the P-divergence of the modified Eshelby stress, which we call modified Eshelby force, the
torsion of the material connection, thermal, growth and linear momentum terms. Moreover, always
using Eshelby’s variational approach (Eshelby, 1975), we define the Eshelby power as the temporal
analogue of the Eshelby force for a body whose Lagrangian explicitly depends on time. Then,
an equivalent construction is employed to derive the differential identity of the modified Eshelby
power for a uniform thermoelastic body. We also conclude that the driving force of the processes of
growth-remodelling is the Mandel stress. Eventually, we derive a relation between the differential
identities for the modified Eshelby power and the modified Eshelby force in the dynamical case for

a uniform body.

Remark. Initially, Eshelby only limited his study to linear elasticity (Eshelby, 1951) and treated the
case of non-linear elasticity in a later paper (Eshelby, 1975), in which he used the displacement
gradient H'; = u' |7 (in our notation) as the kinematical descriptor of deformation, but also pointed
out how the formulation in the deformation gradient F'; = ¢ ;, which we employ, would look like.
As pointed out by Ericksen (1995, 1998), the fact that Eshelby used the linear theory in his first

works on defects and in most of his applicative works may have caused confusion in some authors.
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4.1 Theoretical Framework

In this section, we start by briefly reporting the notation employed throughout the work, which
essentially follows the works by Marsden and Hughes (1983) and Epstein and Maugin (1990). Then,
we report the material balance equations for a continuum, following Epstein and Maugin (Epstein
and Maugin, 2000). Subsequently, we discuss the Lagrangian of a thermoelastic body, following in
some respect the work by Grillo et al. (2003). Finally, we recall the linear concepts of connection

and covariant derivative.

4.1.1 Notation

The physical space 8 is here considered, for simplicity, to coincide with the affine space E> modelled
onR3. A continuum body is identified with one placement B, chosen as the reference configuration,

in the physical space 8. A motion of the body is a time-parametrised mapping

(-, 1):B-o>8: X x=¢(X1) 4.1)

which, at every time ¢, maps material points X = (X!, X2, X?) in the body B into spatial points
x = (x1,x% x%) in 8. The map ¢ is called configuration map, and is such that its codomain-
restriction ¢(-,1) : B — ¢(B,¢) is a diffeomorphism, i.e., a continuous and differentiable map,
which is invertible, with a continuous and differentiable inverse ¢~!( -, 1) = [¢(-, )]\

The Lagrangian velocity is defined as the partial derivative ¢(-,1) = (6;¢)(-,1) : B — TS
and is a spatial vector field over the configuration ¢ (Marsden and Hughes, 1983). The Eulerian
velocity is defined as the spatial vector field v(-,) : ¢(B) — TS such that v(x,1) = ¢(X, t).

At each material point X € B, the tangent map of the configuration is the Fréchet differential

of ¢, i.e., the linear map

F(X,t) = (T¢)(X,t): TxB — TS, 4.2)

84



called deformation gradient, mapping material vectors in the tangent space TxB into spatial vectors
in the tangent space TS and such that, in coordinate charts { X4} in B and {x“} in 8, it is represented
by Fy = ¢ 4.

The body B and the space § are equipped with the metric tensors G and g, which induce inner
products in the tangent bundles 7B and T'S, respectively. We denote the inner product with a simple
“low dot”, in both cases. For two material vectors, W.Y = WGY = WA G4z Y? and, for two
spatial vectors, w.y = w gy = w* g, y°. The contraction of a vector and a covector is denoted by

Dirac’s bra-ket, e.g., for the case of material vectors and covectors, (¥ | W) = (W | ¥) = ¥, WA,

4.1.2 Connections and Covariant Derivatives

A linear connection in a manifold B is a map that, to every pair of smooth vector fields U,V :
B — TB, associates the vector field ViV, called the covariant derivative of V in the direction
of U. The covariant derivative has three fundamental properties, for every smooth vector fields

U,V,W : B — TB and for every differentiable scalar fields f,g : B — R,

Vo(V+W)=VyV +VyW, additivity in the argument, (4.3a)
Vu(fV)= fVyV + (0y f)V, Leibniz’ rule in the argument, (4.3b)

VivigvW = fVyW +gVyW, linearity in the direction of differentiation, (4.3¢)

where Jy f is the directional derivative of f with respect to U. Because of the linearity in the

direction of differentiation, property (4.3c), the covariant derivative ViV defines the linear map

GradV :TB > TB :U + [Grad V]U = VyV, 4.4)

called the gradient of V. The gradient of a vector field is a tensor often denoted by VV (Marsden
and Hughes, 1983). Other possible notations are I'V (Noll, 1967) and DV (Bishop and Goldberg,
1968).
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In a coordinate chart {X“} with associated basis vectors E 4, we define the Cristoffel symbols

of the connection V via
Ve,Ea =[GradE4|Ep =TS,Ec. (4.5)

Remark. The convention Vg, E4 = FSBE c of Eq. (4.5) for the ordering of the lower indices of

the Christoffel symbols is the same adopted, e.g., by Noll (1967), Bishop and Goldberg (1968) and
Epstein and Maugin (1990). Other Authors, e.g., Kobayashi and Nomizu (1963) and Marsden and

Hughes (1983), use the convention Vg, E4 =TS Ec.

Using Christoffel symbols (with the convention of Eq. (4.5)) and the properties (4.3) of con-

nections, the covariant derivative VgV has component expression

VoV = UBVE,(VAE,) =UB (VAR Es+ VAT, Ec)

=UB (VA +Ta, VO Ey, (4.6)

from which, using the definition U? = EB(U) = (EP|U) of basis covector, we obtain the

representation of the gradient as
GradV = (VAp + ¢, VE)E, ® E® = VA5 E4, ® E®, 4.7)
where
VAR=VAp+Ti,VE (4.8)

is the component form of the covariant derivative, and is often simply called covariant derivative
itself.

The Lie bracket of two vector fields U and V is defined as the vector field [U, V] such that, for
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every differentiable scalar field f,

Ouv)f =0udvf—-ovouf. 4.9)

In components, using the differentiability of f,i.e., 9y f = (Grad f) U = U f4, Eq. (4.9) reads

uvif = UNVE fg)a - VAU® f)a
=UAVB , f+ UAVE fpa —VAUB 4 f5 - VAUP f4

=UAVE , f5—VAUB 4 f3, (4.10)

from which, using again the differentiability of f,

[U,VIE=UAVE, - VvAUB 4. 4.11)

Note that Eq. (4.11) does not involve covariant differentiation of the vector fields U and V.

The torsion of a connection V is defined as the third-order tensor

Tor : TBXTB - TB:(U, V) VgV -VyU - [U, V]. (4.12)

The component expression of the torsion is found using Eqs. (4.1.2) and (4.11), as

Torpc = Tge — Tips (4.13)

which shows that, when the torsion vanishes, the Christoffel symbols are symmetric, i.e., l"g‘c = Fé B

A metric tensor G is said to be compatible with a connection V if, and only if

Grad G = O, GAB;C =0. (4.14)
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Levi-Civita’s fundamental theorem of Differential Geometry (see, e.g., (Marsden and Hughes,
1983)) ensures that, given a metric tensor G, there is a unique connection that is torsion-free and
compatible with G. In this case, the connection is called a metric connection and, more specifically,
the connection associated by Levi-Civita’s theorem to the metric G is called G-connection, and its

Christoffel symbols can be shown to be equal to (Marsden and Hughes, 1983)
K4 = 3 G*P(Geps + Gepe — Grep), (4.15)

which are clearly symmetric in the low indices, from which follows the vanishing of the G-torsion
A A
KBC - KCB'
Note that we use K as the kernel symbol for the Christoffel symbols of a metric connection, not
to confuse them with those of a generic connection, for which the kernel symbol is I'. Moreover, we

indicate covariant differentiation with respect to the G-connection by a vertical bar, i.e., we write

VAR =VAp+ K2, VE. (4.16)

4.1.3 Material Balance Equations

Here we report the material form of the balance equations as presented by Epstein and Maugin
(2000) for a body with growth. All integral balance equations are written in an arbitrary open
subset R ¢ B. We remark that, as noted, e.g., by Marsden and Hughes (1983), the balance of
linear momentum in the integral form (4.19) and the balance of angular momentum in the integral
form (4.22) only make sense if the space 8§ is affine and if Cartesian coordinates are employed, so
that one can integrate the components one by one. One way to avoid the problem of the integration
of a covector (or vector) field is to use the equivalent approach by Noll (1974) or the equivalent
one by Green and Rivlin (1964) (both reported in the text by Marsden and Hughes (1983)), in
which requiring invariance of the equation of balance of energy (4.25) with respect to translations

and rotations yields the differential equations of balance of linear momentum (4.21) and angular
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momentum (4.23), respectively. Here, under the tacit assumption of Cartesian coordinates in an
affine space, we write the balance of linear momentum and the balance of angular momentum in

the integral forms (4.19) and (4.22), involving the integration of covector/vector quantities.

The integral form of the balance of mass reads

8,/QR:/H+ (M|N), 4.17)
R R IR

where op is the referential mass density, I1 is the mass source density per unit referential volume

and M is the mass flux density per unit referential area. Localising, we have
or =11 +DivM (4.18)

where Div is the material divergence (with respect to the material coordinates X4).

The integral form of the material balance of linear momentum is expressed by

at/gRg¢=/[f+Hg¢+zJ+/ T +(gd)® M + AN, 4.19)
R R OR

where og g ¢ (abuse of notation for o (g o ¢) $) is the linear momentum density, obtained by
lowering the contravariant index of the vector og ¢ by means of the metric tensor g, f is the
body force per unit referential volume, I1 g ¢ is the momentum rate associated with the volumetric
growth, z is the “irreversible” momentum rate, T is the first Piola-Kirchhoff stress, (g ¢5) ® M is the
momentum flux associated with the mass flux and A is the irreversible momentum flux. Localising,

we obtain

O(orgd)=f+Tgd+z+Div(T +(gd)®M + A) (4.20)
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and, using the balance of mass (4.18), we get to
orgd=f+z2+DivT + g FM + Div A, 4.21)

where we used Grad ¢ = F and F is the deformation gradient.

The material balance of angular momentum reads
at/yrx(gquS) = /Rrx[f+ngq5+z] +/(mr X[[T+(gdeM+AIN]|, (422
and, when localised using balance of mass and linear momentum, yields the symmetry
¢ 'TFT=FT g (4.23)

of the Kirchhoff-like stress T = g_IT FT (in components, 7€ = g“b Tbc F¢¢), where the Piola-like

stress T is
T=T+(gd)®M +A. (4.24)
The integral form of the material balance of energy reads

al/(%gm.mwe):/(%w.wne+<f|¢>+ﬂf+u+<z|¢>>
R R

[ BararesioomQn). @)
oR

where € is the internal energy per unit mass, JH represents the rate of non-mechanical energy

supply per unit mass, U is the non-compliant volumetric contribution to the internal energy, and
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Q =Jqo(¢,7)FT denotes the material heat flux. The local form of Eq. (4.25) takes the form

0 (Yord. 0+ 0n€) =416 G+ TIE+ (F1)+ 3+ U+ (z]d) +

+Div[(T +A)+(E+3¢.4M + 0], (4.26)
By exploiting the balance of mass (4.18) and linear momentum (4.21), we obtain
oRE=H+U+ (T +A): F+(Grad € | M) + Div Q. (4.27)

The material form of the Clausius-Duhem entropy inequality, which expresses the second law of

thermodynamics, is
g+8M] ‘N> (4.28)

i [ ons | K
ZCRQR R oR \| O

where 8 is the entropy per unit mass, ® is the absolute temperature and Z is the volumetric source

H U
I1 —+ =
8+®+®+Z

of non-compliant entropy. Localising and multiplying by the temperature ®, we obtain

O0(ord) =2MMOS+H+U+OZ

— é(Grad@ |Q) +DivQ + O (GradS | M) + ®SDivM. (4.29)
Using balance of mass (4.18) and balance of energy (4.27), and grouping the terms in M, we get
0ROS > 0ré - T +A): F+0Z - %(Grad@ | Q) — (Grad € — ©® Grad 8 | M). (4.30)
We now introduce the material Helmholtz free energy per unit mass as

Y=£E-08, (4.31)
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the time derivative of which is
¥=£-08-08, (4.32)
and substitute in Eq. (4.30), to obtain
—0rV — 08O -0OZ+ (T +A): F + % (Q|Grad®) + (Grad € —®Grad S | M) > 0. (4.33)

As shown by Epstein and Maugin (2000), a first-grade material does not admit a non-zero mass
flux. Thus, we can impose M = 0 in all balance equations. Furthermore, we shall make the
simplifying assumption of zero non-compliant terms, i.e., 2 =0, A = 0, U = 0 and Z = 0. This
amounts to assuming that, “miraculously” (to use the same adverb used by Epstein and Maugin
(2000)), the new mass generated via II enters the system at exactly the same linear momentum,
stress (non-compliant momentum flux), internal energy and entropy as the mass already in the

system. Thus, the balance equations and the entropy inequality reduce to

or =11, (4.34a)
orgd=f+DivT, (4.34b)
g'TF =FT"g", (4.34¢)
orRE=T:F +H +DivQ, (4.34d)
0<-—0gY —0rSO+T : F + é (Q | Grad ®), (4.34e)

which are identical to the standard equations in the absence of growth, except for the volumetric
source of mass II in the right-hand side of the balance of mass. Note also that the balance of
angular momentum reduces to the standard one (with the symmetry of the standard Kirchhoff stress
T = g‘lT FT, with components 74 = g“b T,€ F¢c), since the Piola-like stress T of Eq. (4.24)
reduces to the standard Piola-Kirchhoff stress T'.

For our purposes, it is convenient to define the internal energy, entropy and Helmholtz free
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energy per unit reference volume as

E = oré&,
S =0rS,
W =orY,

which are related by the analogue of Eq. (4.31), i.e.,

W=E-0S§,

whose time derivatives are, using conservation of mass (4.34a),

E:QR8+H8=QR€+HE/QR,
SZQRS+H8:QRS+HS/QR,

WZQR\P+H\P=QR\P+HW/QR,

which are related by

W=E-0S-0S,

With these definitions, we can rewrite the balance of energy and the entropy inequality as

. E .
E-TI—=T:F+3H+DivQ,
OR

. w . . 1
OS—W+H——S®+T:F+6(Q|Grad®).

OR
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4.1.4 Lagrangian Density of a Thermoelastic Body

We assume to have a thermoelastic body with Lagrangian density function

L(X, 1) = L(o(X, 1), (X, 1), F(X, 1), O(X, 1), X, 1), (4.40)

where £ is the Lagrangian density field (per unit reference volume), and L is the corresponding
constitutive function, whose arguments are the values of the configuration map ¢ (with components
%), of the velocity ¢ (with components ¢%), of the deformation gradient F (with components
F%4 = ¢ 4) and of the absolute temperature ® > 0, as well as of the point X and of time 7. If we
use the material identity map X (such that X(X, ) = X, in components, XA(X,t) = X*4) and the

time map 7 (such that 7(X, r) = t), the Lagrangian density can be rewritten in the form

L(X,t) = ﬁ(qs(X, 1), d(X,1), F(X,1),0(X, 1), X(X, 1), 7(X, 1))

=[£ o (¢, ¢, F,0,X,7)(X, 1), (4.41)

where “o” is the function composition symbol. Thus, by dropping the argument (X, ) on both

sides, we can refer to the function rather than to the values and write

L=Lo(4,¢F,0X1). (4.42)

This allows us to still express the explicit dependence of the Lagrangian density on the point X and
time 7. We shall use this notation throughout this work for all constitutive functions.

The Lagrangian density (per unit reference volume) £ is defined as

L = K - WtOt’ = 'z o (¢’ ¢5 ®’ F$ x’ T) = k o (QS’ x’ T) - Wtot o (¢$ ®9 Fa xa T)a (4'43)
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In Eq. (4.43), K is the kinetic energy density (per unit reference volume) is

1

KZEQR¢3-<I5; or=0ro(X, 1) = Ko(4X, 7)== oro(X,7) .4, (4.44)

| =

where ogr = Og o (X, 7) denotes the referential mass density (which could depend explicitly not
only on the point X, but also on time 7, in the case of volumetric growth), and Wtot is the total
potential energy, given by the sum of the Helmholtz free energy per unit referential volume W and

the potential of the external forces Wey, i.e.,

Wiot = Wior 0 (¢, F,0,X,7) = W o (F,0,X, 7) + Wey © ¢. (4.45)

The external body force density (per unit reference volume) f (with components f;,), the linear
momentum density (per unit reference volume) og g ¢ (with components og gaup ¢), the entropy
density (per unit reference volume) S, and the first Piola-Kirchhoff stress T (with components 7,4)

are given by

£, = (‘;i o (¢, ¢, F,0,X,7), (4.46a)

or 8ap 4" = ;i o (¢, ¢, F,©,X, ), (4.46b)
S = % o (¢, ¢, F,0,X,7), (4.46¢)

T,A = _a?faA o (¢, 6, F,0,X,71). (4.46d)

Remark. Some authors prefer to exclude the configuration ¢ from the arguments of the constitutive
function W of the potential energy W, in order to treat W strictly as the elastic energy, and this
results in having the negative of the pull-back of the body force feature in the material balance. See,
for instance, the works by Ericksen (see Eq. (4) in (Ericksen, 1998)) and Maugin (see Eq. (9) in
(Maugin, 2006)). While this choice is certainly legitimate, we prefer to follow Eshelby (1975), who

in turns follows the standard methods of Field Theory, and include both ¢ and F = T'¢ among the
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arguments of our Lagrangian, so that the derivative of the Lagrangian with respect to ¢ is precisely
the body force. In our approach, W is the sum of the potential of the external forces and the elastic

energy, as shown in Eq. (4.45).

4.2 Material Inhomogeneity

In this section, we start by deriving the balance of material momentum and introduce the concept
of Eshelby stress and of its divergence, which we call Eshelby force, in the thermoelastic general
framework, following the approach indicated by Eshelby (1975). Then, following an analogous
approach, we take the derivative of the Lagrangian with respect to time and obtain the canonical
balance of energy, the analogue of the balance of material momentum, featuring the Eshelby
power, which is the analogue of the Eshelby force (for further discussions on this analogy, see, e.g.,
(Epstein, 2015; Epstein and de Le6n, 2016)). We emphasise that the explicit dependence on time
of the Lagrangian implies an evolution phenomenon (see, e.g., (Wang et al., 1974)).

From now on, we shall mainly work in components, because it would be at times cumbersome
to write in component-free notation, for several reasons, e.g., the presence of the third-order tensor

Tor and the need to distinguish the P-connection from the G-connection.

4.2.1 Configurational Force and Canonical Balance of Momentum

Here, following the variational approach presented by Eshelby (1975), we introduce the Eshelby
force as the divergence of the Eshelby stress. In the classical statical case, the Eshelby force would
coincide with the negative of the configurational force. We start from the Lagrangian density (per
unit reference volume) defined in Section 4.1.4, Eq. (4.42), and, rather than deriving the Euler-
Lagrange equations, we exploit the balance equations obtained in Section 4.1.3 to examine the
dependence of the Lagrangian on the material point X, i.e., we take its material gradient. Indeed,
if we were to use the Euler-Lagrange equations, we would stumble into the time derivative of the

mass density, for which we would need to invoke the balance of mass in any case.
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Let us take the material gradient of the Lagrangian density, whose A-th component is

L,A = [,ﬁ © (¢’ ‘IS’F’ ®’ x’ T)],A

oL , L : :
= |5ga ¢ @HOF L) Flat |20 0(4,6,0,F, X1) Fiat
+7@0( ),0,F, X, 7)| © 4 + o(¢,¢,0,F,X,7)| Fpa+
é;(:) €ﬁ9 Qb, ) ) ) LA i) 17‘113 Gb’ Qb, ’ ’ ) l?|/§
[ 0L .
+ axA°(¢’¢’®’F’x’T) , (4.47)

where, naturally, F“4 = ¢“ 4. The last term is usually called “explicit” gradient of £ and denoted
(0L/0X4) | expl> in the literature (e.g., (Eshelby, 1975; Epstein and Maugin, 1990)), whereas we
simply regard it as the collection of the partial derivatives of the constitutive function £ with respect
to the X4 (which, we recall, are the functions such that X4(X) = X4). This “explicit’ gradient
gives rise to the material inhomogeneity force or configurational force

oL oL

3:_O(¢»¢’F’®’x’7—)’ gA

X = 5y ° (& ¢, F,0,%X,1). (4.48)

Substituting Egs. (4.46) and the material force (4.48) into Eq. (4.47), we obtain

GradL =fF +or ¢ g F +S5S Grad® — T : Grad F + §, (4.49)

@,

where the colon “:” in the second term denotes double contraction of the two legs of T' with the first
two legs of Grad F (i.e., (T : Grad F) = T,* F¢ A|)- Hence, we substitute the balance of linear
momentum Eq. (4.34b) (for the case of no non-compliant source and flux of linear momentum and

no mass flux) into Eq. (4.49) and obtain

Grad £ = (og 0/(¢ g) -DivT) F + op $ g F + S Grad® - T : Grad F + §, (4.50)
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and, by rearranging,

GradL = or 0/(¢p g) F +or ¢ g F —(DivT) F =T : GradF + S Grad ® + §.

If we define the material momentum per unit referential volume P as

P=-ordgPF,

we can express its derivative as

P=-0(ordpgF)=-TI$gF —ord(¢g)F-0rdgF.

and the sum of the first two terms on the right-hand side of Eq. (4.51) is equal to

orO(pg)F+ordgF=-P-TdgF.

Also, the third and fourth terms on the right-hand side of Eq. (4.51) can be combined into

Div(FIT) = (DivT)F +T : Grad F,

(4.51)

(4.52)

(4.53)

(4.54)

(4.55)

as it can be shown in components, by invoking the symmetry of the Christoffel symbols associated

with the Levi-Civita connection induced by the material metric G, so that F94p = F?pj4 (e.g.,

(Marsden and Hughes, 1983))

(FipTy™Ma = T,Na Fp + T, FOpa = T, 4 F5 + T, F 3.

(4.56)

By virtue of Eq. (4.54) and Eq. (4.55) and the identity Grad £ = Div(£L I7), where I is the material
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identity tensor, Eq. (4.51) becomes finally, by reordering the terms,

P =F-égF + SGrad © + Div €, 4.57)

where

¢=-LI"T-FTT, (4.58)

is the Eshelby stress, with components

€8 =L 68 -F,T,5. (4.59)

Eq. (4.57) is called the balance of material momentum within the general thermoelastic framework.

We call the divergence of the Eshelby stress the Eshelby force, i.e.,

N=DivE,  Ny=C,55 (4.60)

so that Eq. (4.57) reads

P=F-M¢gF +SGrad® + N. 4.61)

In the statical case, this reduces to 0 = § + N, which is the classical equation found by Eshelby.

4.2.2 Energy Release Rate and Canonical Balance of Energy

The time counterpart of the configurational force is the energy release rate, which is associated with
the expenditure of energy required to displace the inhomogeneity by Eshelby’s approach (Eshelby,

1975). Here, we also introduce the time counterpart of the Eshelby force, which we call Eshelby
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power. Taking the time derivative of the Lagrangian density (4.42), we have

L=08]Lo(4F, 0%1)]

- g;o(qs,gﬁ,@,p,x,r) ¢ + a;ao(qs,gz;,@,F,x,r) '+
+>@0( .®FDCT)—®+ o( .®F:XT)—FQ+
6@ ¢9¢’ b D) ) (')FaA ¢,¢a ) s s A
+ %ow,qﬂ,@,ﬁx,‘r) . (4.62)

The last term could be called the “explicit” time derivative of £ and be denoted (0L£/01) | expr-
However, following our notation, we simply regard it as the derivative of the constitutive function
£ with respect to the argument 7. This “explicit” time derivative takes the name of energy release

rate
oL ,
6 =-—0(¢¢F 0X1) (4.63)

and is the temporal counterpart of the configurational force §. Now, we substitute Eqs. (4.46)

and (4.63) into Eq. (4.62), so that we have
L=(fl§)+0rd.¢+SO-T:F+6, (4.64)

where ¢. ¢ = dgd = [(OL/04%) o (#)]¢“ is related to the time derivative of the kinetic energy.

Indeed, using balance of mass (4.34a), we have

K=0(sond.6)=5116.6+0rd. 4. (4.65)
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By substituting the material balance of linear momentum (4.34b), the definition (4.43) of Lagrangian

density, K — £ = W, and the time derivative (4.65) of the kinetic energy in Eq. (4.64), we obtain

L=2K-T¢.¢+SO—-(DivT | ) -T : F + 6. (4.66)

If we define the energy flow vector (Eshelby, 1970) by

R=-¢T =-TT¢, (4.67)

we have

DivR = —(DivT |¢) - T : F = Div(-¢T), (4.68)

and thus, after reordering the terms, Eq. (4.66) can be rewritten

2K=6-T¢.¢ + SO +[-L + DivR], (4.69)

Eq. (4.69) is the canonical balance of energy in the general thermoelastic framework, and is term-
by-term analogous to the canonical balance of material momentum of Eq. (4.61). This can be seen

more clearly by writing Eq. (4.69) as

2K=6-TTd.op+5SO+Y. (4.70)

where

Y= _f +DivR @4.71)
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is called Eshelby power and represents the temporal counterpart of N = Div€ in Eq. (4.61).

Indeed, if we decompose the divergence of the Eshelby stress into
Div € = Div(-£L IT — M) = —Grad £ — Div(M), (4.72)
where
Mm=FTT (4.73)

is the Mandel stress, we have that —L corresponds to —Grad £ and Div R = Div(-¢ T) corresponds

to —Div(M) = —Div(F'T).

4.3 Material Uniformity

Here, we relate the Eshelby force and Eshelby power defined in Section 4.2 to the theory of material
uniformity (Noll, 1967; Epstein and Maugin, 1990) to obtain two differential identities. The first
involves a “modified” Eshelby force, which we shall show to be the quantity that captures the
presence of the inhomogeneities. The second involves a “modified” Eshelby power, which captures

the evolution of the inhomogeneities.

4.3.1 Definition of Materially Uniform Body

A body is said to be materially uniform if all points are made of the same material, i.e., if all points
are pairwise materially isomorphic (Noll, 1967; Epstein and Maugin, 1990). In other words, the
body is uniform if there exists a material isomorphism P(X,t) : A — TxB from a fixed vector
space A, called the archetype, to the tangent space TxB of each point X of the body. Clearly, the
archetype A and the body manifold B must have the same dimension. The isomorphism between
any two points X and Y of the body B descends from the definition of archetype by transitivity, i.e.,

given the values P(X, t) and P(Y, t) of the material isomorphism at points X and Y, the isomorphism
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between TxB and TyB is given by P(Y, ) P~'(X,t). Note that P(-,1), as a tensor field, is defined

in B, i.e., it is a function of X. The concept is illustrated in Figure 4.1.

- P@.1) Pl(X,1)

Figure 4.1: The representation of a materially uniform body B and the isomorphism between two
points X and Y. The vector space A is the archetype.

As we shall see in Section 4.3.4, the material isomorphism between any two material points of
the body B implies that the two points have exactly the same material behaviour. For now, let us
focus on the geometrical properties of the uniformity tensor field P( -, ). Let us assume that there
is a metric tensor ¢ in the archetype A; since A is a fixed vector space, g is a fixed tensor. The
material metric G in the body B is the tensor field whose values G(X) are the metric tensors in the
tangent spaces Tx B, for every point X € B. The Levi-Civita connection of the material metric G
has symmetric Christoffel symbols given by Eq. (4.15) and thus zero torsion.

Following the definition given by Noll (1967), a vector field V(-,t) : B — T'B is called parallel

with respect to P, or P-parallel, if, and only if, for every material point X,

V(X,t)=P(X,t)v, (4.74)
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where v is a fixed vector in the archetype A. It follows that, for every material points X and Y,
PIX, 0)vX,t) =P 'V, )V(Y,1)=v = V(,1)=PY, )P '(X,)V(X,1). (475

The P-connection is defined as that connection such that the covariant derivative of a P-parallel

vector field vanishes identically. In components, if we indicate the P-covariant derivative by a

A

Bo> WE have

semi-colon and the associated Christoffel symbols by I
VAR=VAg+T&,VE=0 = T&vE=-v4p (4.76)
Using the definition (4.74) of P-parallel vector field and the fact that v is fixed in A, we obtain

—VAp=—PAp0® =P g (P VC 4.77)

from which, comparing with Eq. (4.76) and for the arbitrariness of V, we obtain the Christoffel

symbols of the P-connection as
Top=—(P)c Py =P (P e, (4.78)

where, in the alternative expression I'2, = P4, (P~')%¢ 5, we used P4, (P™!)*5 = 65. Asin the

general case, we define the torsion of the P-connection as in Eq. (4.1.2) and denote it by Tor.

4.3.2 Properties of the Uniformity Field

We shall now study the fundamental properties of the uniformity field P.
Trivially, P is P-parallel, i.e., the P-covariant derivative of P is zero. Indeed, considering that

the basis vector €, in the archetype A is a constant vector, we have

PAop =P+ TP o =P s — (P PPy Py =P p—PYYp=0. (4.79)

104



If we take the G-covariant derivative of P, we have
P g = PAap +K2g PC,, (4.80)
which can be written
PAyp = Pgp (PP PO, + K2, PC, = [KE, —T25] PC,. (4.81)
Considering that P is P-parallel (i.e., PA(,; g = 0, see Eq. (4.79)), we can rewrite identity (4.81) as
PAyp = Pl + [Keg — Tog] PC,. (4.82)

It is convenient to calculate the gradient of the determinant Jp = det P. This can be done directly,
via a standard but tedious procedure, as we show in Appendix A.6, or in a single passage, using

Eq. (4.82). Indeed, we have

0 det

(Jp)p = [07 o P] Py = Jp (P14 [K@y - TE51 PC, (4.83)
04

from which we obtain
(Jp)g =Jp [KEp —TEp] (4.84)

The time derivative of Jp = det P is more straightforward, as it does not involve any covariant

derivative. Indeed,

0 det
oPA,

Jp =

o P] P =Tp (P Y4 PAy = Jp PA (P14 = Jp (Lp) A, (4.85)
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from which,
Jp = Jptr(Lp), (4.86)
where
Lp = PP (4.87)

is the inhomogeneity rate tensor (often called “inhomogeneity velocity gradient”, which is an abuse
of terminology since P is, in general, non-integrable).

From Eq. (4.84), we see that, when P is unimodular, i.e., Jp = detP =1,
c c
L'cp = Kep (4.88)

which, for the case of Cartesian coordinates (when the Christoffel symbols Kgc vanish), implies

that the trace FgB vanishes. Moreover, from Eq. (4.86), we have that
tr(Lp) = 0, (4.89)

i.e., Lp is traceless.

For later use, we calculate the relation between the P-covariant derivative and the G-covariant
derivative for the case of mixed two-point tensors, such as the deformation gradient F (first index
contravariant, second index covariant) and the first Piola-Kirchhoff stress T' (first index covariant,

second index contravariant). The G-covariant derivative of the deformation gradient F is

Foap=Fap+Fa(y% o) F'p— F'c KSp (4.90)
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and the P-covariant derivative is
Fiag=Flap+Fa(yg,09) F'p— F'c Tip. (4.91)
Thus,
Foap = F45 — [KSz - TS,] Fic, (4.92)

where we notice the analogy with Eq. (4.82). Since its only large index is contravariant, it is
easy to verify that the G-covariant divergence of the first Piola-Kirchhoff stress T is related to its

P-covariant divergence by means of the same type of relation for P seen in Eq. (4.82), i.e.,
Tha =T 0+ [KE, - T8, T.C. (4.93)

Finally, we note that, since the Lagrangian velocity ¢ is a spatial quantity (indeed, it has only one
small contravariant index), its covariant derivative is unaffected by the choice of the connection

used in the body, i.e.,

Ua = ¢%a = ¢4+ (¥4, 00) ¢ F 4 = Fy. (4.94)

4.3.3 Lagrangian of a Uniform Body

For a uniform body, the explicit dependence of the Lagrangian density £ on the point X and the
time 7 is only through P, and the archetypal Lagrangian density A does not depend on X and ¢, and

instead depends on F P rather than on P, i.e., the material leg of F is transformed by P. Thus,

L=Lo(p¢F,0,X71)=Jp Ao(g,é FP,0), (4.95)
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where J,, I arises from the theorem of the change of variables. Figure 4.2 illustrates the map F P,

with components F¢4 P4,,.
F(X,t)

¢(B.1)

F(X,1)P(X,1)

Figure 4.2: Mappings between the archetype A and the tangent spaces in the body and in the current
configuration for a uniform body B.

We differentiate £ with respect to F and obtain

L . .
= FP,®)=J;! FP,®)PT 4.
HF O(¢,¢, ’®) JP G(FP) O(¢,¢, 7®) 9 ( 96)
from which the identity
oA . oL .
— FP,®) = Jp — FPoOYP T =—JjpT PT, 4,
IFP) o(¢,¢,FP,®)=Jp oF o(¢, ¢, FP,0O) Jp 4.97)

In the following, we are going to study the gradient and time derivative of the archetypical La-
grangian. Note that, following Epstein and Maugin (1990), we refer to a certain quantity rescaled
by the determinant Jp of the uniformity field P as to the “modified” version of the quantity and we
denote it with a superposed tilde. For instance, the modified Eshelby stress is € = Jp €. The only
two exceptions to this convention are precisely the core of this work: the modified Eshleby force

and the modified Eshelby power.
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4.3.4 Gradient of the Lagrangian of a Uniform Body

A

We take the material gradient of the archetypal Lagrangian density A, whose A-th component is

the partial derivative

A

. , oA . A ) .
[Ao (¢, 6 FP, @)], L= [a?a o (¢, ¢, FP, @)} Foy + 5 o (¢, ¢, FP,0®)| F'p+
dA , P
+ gy @ rr0| e
oA .
+ % o (¢, ¢, FP, @)] ®’A. (498)

We consider Eq. (4.95) and substitute Eqs. (4.46) and (4.97) into Eq. (4.98), we obtain

[Ao@#))a=JpfaFs+Jpor d gap Fia

—~Jp T2 Foga—Jp FpT,C (P ) cPPoa+Jp SO, (4.99)

where from now on we use (#) in place of the appropriate arguments, for the sake of brevity. Note
that, since the Christoffel symbols Kg‘c and y“p. of the Levi-Civita connections induced by the

material and spatial metric tensors G and g are symmetric, we have that

Féap=Fap+ Fa(y%0¢) F'p— F'c K§,

= Foga+ Fa(y) 0¢) F'g — F'c K§, = FOpa, (4.100)

where we also used Schwarz’ Theorem in F95p = ¢ ap = ¢“ pa = F9p 4. Using this result and

Eqgs. (4.82) and (4.92) to replace PB(,| A and Fpi4 = Fp, respectively, we obtain

[Ao@#))a=JpfiFsa+Jpor d gap Fa

~TBFyp - McB TS, + MBTS, + 50,4, (4.101)

109



where TaB = JpT,P is the modified first Piola-Kirchhoff stress, Mc? = FecT,B is the Mandel

stress, iﬁcB = JpMcB = Fec (UpT,B) = Fo¢ TaB is the modified Mandel stress, and S = Jp S is

. . . . A .
the modified material entropy density. Note that the Christoffel symbols K7 . of the G-connection

cancelled out and disappeared from the equation, showing that Eq. (4.101) is independent of the

choice of the material metric G.

The third term on the right-hand side of Eq. (4.101) can be factorised into

TaB FaA;B = (FaA TaB);B - TaB;B FaA = (ngAB);B - TaB;B FaA-

(4.102)

Also, the fourth and fifth terms on the right-hand side of Eq. (4.101), by exploiting the defini-

tion (4.1.2) of torsion of a connection, can be combined into
E)’JVECB FgA - ﬁ(;B FgB = jﬁcB TOI‘CBA.
By virtue of Egs. (4.102) and (4.103), Eq. (4.101) becomes

[A o #)]a+[MaB)s = Jp fL FOu + Jp 0 6° gap Fa

+ TaB;B F?y +§chTOI'CBA +50.4.

Now, we take the P-covariant derivative of the modified Piola-Kirchhoff stress T ,i.e.,
TaA;A = (JP TaA);A = TaA [KgA - FgA] +Jp TaA;A,
and, by exploiting Eqgs. (4.34b) and (4.93), Eq. (4.105) finally becomes

TGA;A = T,A Tor® 45 + Jp 0r gap 8° — Jp fa.
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Now in Eq. (4.104), we replace T.” .p by Eq. (4.106), and change sign to both sides, to obtain

[—A o (#) 5AB - EfffAB];B = —ﬁ?AC TOI‘BCB - EﬁécB TOI‘CBA

—Jp or 8" 8ap FaA— Jp 0R$" gap F'a — SO 4, (4.107)

where we have exploited the identity Grad A = Div(A IT) (with components [A o #H]a = [A o
(#) 5481 4), with IT (with components §4%) being the transpose of the material identity tensor.
If we use the definition (4.52) of the material momentum density P and the expression (4.53)

of its time derivative in Eq. (4.107), we obtain

[—A o (#) 5AB - Eﬁ}AB];B = —iﬂAC TOI‘BCB - iﬁécB TOI‘CBA

+JpPa+IpT1¢% gup FP4 — SO 4. (4.108)

Also, the mass source term IT in the term IT ¢ g F in Eq. (4.108) can be expressed in terms of P
via the balance of mass (4.34) (Epstein and Maugin, 2000). Indeed, if oach is the mass density in

the archetype, which is a single fixed value oarch = Jp(X) 0r(X), for every X in B, we have

Or = (Jp") Oarch = —Jp> Jp Oarch = —Jp* Jp tr(Lp) Oareh = —0r tr(Lp), (4.109)

where we used the definition (4.87) of the inhomogeneity rate tensor. From this and balance of

mass (4.34), we obtain

Or =11 = —og tr(PP™") = —op tr(Lp), (4.110)

and, from Eq. (4.110), the fourth term on the right-hand side of Eq. (4.108) can be re-written in the
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form

JpT1¢% gupF s = —Jp or tr(Lp) ¢° gupF’a = Jptr(Lp) (—0r ¢° gapF’4)

= tr(Lp) (Jp Pa) = (Lp)P5 P4, (4.111)
where P 4 = Jp Py is the modified material linear momentum. Therefore, Eq. (4.108) becomes
[—AO (#) 5AB —EﬁEAB];B = —EITEACTOI‘BCB —siﬁcBTOI‘CBA + jDA +(LP)BB ﬁA —:ST@’A, (4.112)

where 5 4 = Jp P4 is modified time derivative of the material linear momentum.

Now, consider the term Ao (#)6 4B - m 4B, whose P-divergence is the left-hand side of
Eq. (4.112). Using the definition (4.95) of the material and archetypal constitutive functions of the
Lagrangian £ and the definition (4.59) of Eshelby stress, we recognise that this term is the modified

Eshelby stress E ,1.e.,
[-A o #) 645 =ML = [Jp (L 645 = FU4 T,)):5 = [Jp €455 = €45 5. (4.113)
We call the P-divergence of the modified Eshelby stress the modified Eshelby force, i.e.,
Na=GCalp =[-A o #) 64" — MAP].5, (4.114)

and we remark that this is an exception to the definition of modified quantities and indeed N # JpN.

With definition (4.114), Eq. (4.112) becomes the sought differential identity:

Ny = —SJ.T?AC TorBCB — EIT?CB TorCBA + Fﬁ]‘;A + (LP)BB ﬁSA - §®,A- (4.115)

Here we need two important remarks. First, in the homogeneous case, when PA, =14, (tensor
P equals the shifter), the P-torsion Tor and the inhomogeneity rate tensor Lp vanish identically,

and we recover the equation found by Maugin (2006). Second, when there is no growth, the body is
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isothermal and we consider only the static case, the trace (L p)8p, the gradient ® 4 and the inertial
term Fi]; 4 vanish, and we recover the differential identity for the Eshelby stress reported by Epstein
and Maugin (1990).

However, the differential identity in the work by Epstein and Maugin (1990) featured the
modified Eshelby stress on the right-hand side, whereas we have the modified Mandel stress. In

order to show that
@AC TOI‘BCB + @CB TOI‘CBA = —ﬁAC TOI‘BCB — Eﬁ%cB TOI‘CBA, (4.116)
we look at the spherical terms —Jp £ 1 T (in components, —Jp £ 6 4©), and we write

—JP L 5AC TOI'BCB - JP L 5BC TOI‘BCA = - JP L (5AC (FBCB - FBgc) -
—Jp L 65" (TPca—TPac)
= - JPQFBAB +JPLFBBA—

—Jp LTBpa+Jp LTE 5 =0, 4.117)

which shows that the spherical term of the Eshelby stress, representing the arbitrary zero-level
value of the Lagrangian, are filtered and do not affect balance of linear momentum. They in fact
only appear under the sign of divergence on the right-hand side of Eq. (4.115).

We remark that Eq. (4.110) states that, if I1 vanishes, Lp is traceless and describes pure

remodelling. In this case, the differential identity Eq. (4.115) reduces to the form

NA = —ﬁAC TOI‘BCB - ﬁBC TOI‘BCA + §A - §®A (4118)

In the isothermal and no-growth case, we recover the equation of Epstein and Maugin (1990), except
that the Eshelby stress is replaced by the negative of the Mandel stress on the right-hand side and
for the presence of the additional dynamical term (modified time derivative of the material linear

momentum), which was absent in the work by Epstein and Maugin (1990), since they considered
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the static case:

NA = —ﬁAC TOI'BCB — iﬁégc TOI"BCA + EA. (4119)

We also note that there is an interesting analogue of Eq. (4.110). If we take the material gradient

of the archetypical density oach = Jp Or, We obtain

0 = (Oarch).8 = (JP).B 0r + JP (0R).B (4.120)

from which the gradient of the material density og is given by
(or)B = —Jp' (JP)B Ok (4.121)
Substituting Eq. (4.84) into Eq. (4.121), we obtain
(0r).B = OR (FSB - KSB) : (4.122)

Thus, the dependence of the material density on the point X, i.e., the fact that its gradient does not
vanish, is directly related to the connection of the uniformity field P. In the homogeneous case,
when P4, = 14, (tensor P equals the shifter), Jp = 1 identically, the right-hand side of Eq. (4.119)
reduces to P4, and the right-hand side of Eq. (4.122) goes to zero via the vanishing of the difference

of the two Christoffel symbols, according to Eq. (4.81).
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4.3.5 Time Derivative of the Lagrangian of a Uniform Body

Let us consider the Lagrangian density (4.42) and calculate the time derivative of the archetypal

Lagrangian density A of Eq. (4.95), i.e.,

oA

ha

. ) A .
a[A o (4,4, FP,0)] = [875“ o (¢, 6, FP,®)

6[\ . a C
+[mo(¢,¢,FP,®)] (9,(F CP CX)+

A

g_g o (¢, ,FP, @)] 0, (4.123)

¢ + °(¢.4.FP,0)| ¢+

+

Now, we consider Eq. (4.95) and substitute Eqs. (4.46) and Eq. (4.97) into Eq. (4.123), and obtain
oA o ®)] =Jp fud"+Jp or 6" gap §° = Jp T." F'p = Jp F'3 T, (P PP + SO. (4.124)
According to Egs. (4.95) and (4.87), the left-hand side of Eq. (4.124) takes the form

Ao =0a[Jp Lo =0[JpL]l=Jp(P ) pPE,L+pL

=Jp(Lp)Bp L +JpL. (4.125)
We substitute this result back Eq. (4.125) into Eq. (4.124) and obtain
Ip L= Jp fu 6 +Jp or 6" gap $*—Jp T,° Fp+[~Jp L 55 —Jp F'p T,C|(Lp)Bc+S @, (4.126)

where the term in the square brackets on the right-hand side Eq. (4.126) is recognisable as the

modified Eshebly stress @AB = Jp €4B. Thus

Jp L= Jp fu ¢+ Jp 0k ¢ 8ap 8" — Ip T.® F*5 + € (Lp)Pc + 56, (4.127)
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Using Eq. (4.106) to eliminate Jp f, in the first term on the right-hand side of Eq. (4.127), we get
Ip L= T, 0 ¢° + T, ¢ Tor® ap +2Jp or ¢ gap ¢* = Jp T.° F5 + €S (Lp)Pc + SO, (4.128)

Then, using Eq. (4.65) in order to replace ¢ . ¢ = ¢ g ¢ in the second term on the right-hand side
of Eq. (4.128), we obtain

JPL' + TaA;A ¢5“ + TaB FaB = —ﬁiA TOI'BAB + @BC(LP)BC + 2JPK —Jpll ¢¢ + §®, (4129)

where RA = —JpT,A¢% = —T,A ¢ is called the modified energy flow vector. By virtue of

Eq. (4.94), the second and the third terms on the left-hand side of Eq. (4.129) can be combined into
“RAA = (T, 694 = T a ¢ + T.° 6% = T4 6° + T.% F5. (4.130)

Also, we note that Egs. (4.110) and (4.44) imply
I1 ¢.¢ = 2K tr(Lp). (4.131)

We replace these results back into Egs. (4.130) and (4.131) and change sign to both sides of
Eq. (4.129), so we obtain

—JP L + EJVQA;A = jéA TOI‘BAB — @BC(LP)BC - 21} - ZE(LP)BB - §@, (4132)

where K = Jp K and K = Jp K are the modified kinetic energy and kinetic energy rate, respectively.

The term

Y=—Jp L+R4 (4.133)
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is the modified Eshelby power, which is analogous to the modified Eshelby force fifA = @AB .p of
Eq. (4.115). We remark that this is the only other exception to the definition of modified quantities

and indeed Y # Jp Y. Thus
Y = RATorP up — GuP (Lp)'5 = 2K — 2K (Lp)P5 - S ©. (4.134)

In the case of pure remodelling and no growth (i.e., when Lp is traceless), we note that Eq. (4.134)

reduces to the form
Y= RATorPap — CuP (Lp) 5 - 2K - 5 O. (4.135)

In order to further handle the second term on the right-hand side of Eq. (4.135), we recall the
definition (4.59) of the Eshelby stress €, the relation (4.110) between the volumetric growth IT and

Lp = PP7!, and the definition (4.43) of Lagrangian density and obtain

CaB (Lp)'p = Jp[-L 64% — FO4 T,B] PA,(P7)p

= —Jp L (Lp)*a — Jp MAB (Lp)'5 = —MAB (Lp)"5, (4.136)

where, in the last passage, we considered the condition of no growth, tr Lp = (Lp)A A = 0. Thus,
with Eq. (4.136), we can write Eq. (4.135) as the temporal counterpart of Eq. (4.118) (which was

written for the case of a uniform material under pure remodelling), i.e.,
Y = RATorP up + MAB (Lp)s —2K - S ©. (4.137)

In the purely dynamical case (no growth, isothermal process), the modified Eshelby power of

Eq. (4.137) reads

Y = RATorB 5 + MAB (Lp)" 5 - 2 K. (4.138)
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If we recall Eq. (4.110), and write it
or = I1 = —pg tr(Lp), (4.139)

we have that Eqs. (4.138) and (4.139) are the counterparts of Egs. (4.119) and (4.122), respectively.
In the homogeneous case, when PA, =14,, the right-hand side of Eq. (4.138) reduces to —2 K, and
the right-hand side of Eq. (4.139) goes to zero via the vanishing of the trace of the inhomogeneity

rate tensor.

4.3.6 Entropy Inequality

In this section, we handle the entropy inequality (Clausisus-Duhem inequality) in Eq. (4.39b) in
terms of the theory of uniformity. We start by recalling that, by virtue of Eq. (4.45), the thermoelastic

Helmholtz free energy W = W o (F, ©, X, ) is given by
W=Wo(F,0,X1)=Woo (4F,0X1)— We o, (4.140)

in terms of the total energy Wi, and the potential Wy of the external forces. Its time the derivative
is

A

W:T:F—S®+86—Wo(#), (4.141)
T

where we used Eq. (4.46). Since Lo #H=J Ijl A o (#) (uniformity condition (4.95)), also the time

derivatives are equal, i.e.,

oL o] =0[Jp" Ao#)] (4.142)
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Thus, the “explicit” time derivative of L, i.e., the energy release rate defined in Eq. (4.63), is

evaluated as

_%o Ao T Tio > p-1
6 =G0 =[-Jp Ao I - FT oo ] PP, (4.143)

by exploiting Egs. (4.97), (4.58) and (4.87), Eq. (4.143) becomes

(Z—Lo(#)= [-LIT —F'T):Lp =€ : Lp. (4.144)
-

Eq. (4.144) is a result that was also found in Grillo et al. (2003). In order to further manipulate
Eq. (4.141), we need to notice that, by virtue of the definition (4.44) of K = K o (¢, X, 7) and of the

balance of mass (4.34a), we have

oK . 1. .

Also, we observe that, by exploiting the definition (4.43) of Lagrangian density, L = K — Wy, and

Eq. (4.145), the explicit time derivative (W /d7) o (#) is given by

GZV“" o (#) = Tn é.6—G: Lp. (4.146)
T 2

Moreover, we note that, since Wey does not depend explicitly on time,

W oty = Moot ) (4.147)
ot ot

Substituting Eqs. (4.146) and (4.147) into Eq. (4.141) and using Eq. (4.131), we get

W=-Ktr(Lp)+T : F-S® - : Lp. (4.148)
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Finally, substituting Eq. (4.148) into Eq. (4.39b), we obtain an expression of the entropy inequality

(Clausisus-Duhem inequality) in the general framework of a uniform body:
W 1
C:Lp+I1 —+Ktr(Lp) + 6(Grad® |Q) > 0. (4.149)
OR

Recalling the definitions (4.58), (4.110), (4.87) and (4.43) of the Eshelby stress €, volumetric
growth I, inhomogeneity rate tensor Lp and Lagrangian £, we observe that the sum of the first

two terms of the inequality (4.149) is given by

oL A
Fiy SFa o(#) = LosB| PA(PT Y- (Lp)'a W =
B
a 8ﬁ A A
=Fla om0 (#) (Lp)"s — K(Lp)"a. (4.150)
B
where the term
oL
—F¢ #) = M,° 4.151
A 5Fa o (#) =My (4.151)

can be recognised, by comparison with Eqgs. (4.46d) and (4.73), the Mandel stress. Thus, Eq. (4.149)

finally becomes
1
-M:Lp+ 6(Grad® |Q) >0, (4.152)

which shows that the Mandel stress is the driving force of the growth-remodelling process, whose

kinematics is described by Lp.

4.3.7 Relation Between the Two Identities

Here, for the general, dynamical case, we derive a relation between the identity involving the
modified Eshelby force Ny = G48 .p and that involving the modified Eshelby power Y=—Jp L+
RA. 5, namely, Eq. (4.119) and Eq. (4.138).
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Let us first multiply the time derivative of material momentum density 4 Eq. (4.53) by the
negative of the inverse velocity ®* (where ®(-, 1) = [¢(-,¢)]"! is the inverse motion; see (Epstein

and Maugin, 2000)), to obtain
~Py & = —11 ¢ gup (~F" 4 D) — 0r (6" gup) (~F"a D) — 0r ¢ gap (~FP4 ®*). (4.153)

Now, we exploit the relation between the material inverse velocity and the spatial Lagrangian

velocity (Epstein and Maugin, 2000), i.e.,
¢" = —F"4 &%, (4.154)
and consider the expression of the kinetic energy in Eq. (4.65). Thus, Eq. (4.153) yields
—Py 4 = 22K + P, DA (4.155)

We then multiply Eq. (4.155) by Jp and use the two identities Eq. (4.119) and Eq. (4.138) to

eliminate 2 I} =2Jp K and CPA = JPTA dA, respectively, and obtain

- ﬂA d)A - ﬁAC TOI‘BCB d)A - Eﬁégc TOI‘BCA d)A =

=Y - RETorP g — MAB (Lp)ip + Pa DA, (4.156)

By utilising Egs. (4.67) and (4.154), we observe that the second term on the left-hand side of

Eq. (4.156) can be factorised into

EﬁiAC (DA TOIBCB = Jp Tac (FaA (DA) TOI‘BCB = Jp(—(lsa Tac) TOI'BCB = iC TOI‘BCB. (4.157)
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Finally, we substitute (4.157) into Eq. (4.156) and obtain
g = —5\de d)A + EﬁiBC [(LP)BC - TOI‘BCA (DA] - ﬁA (.I.)A, (4158)

which shows that the modified Eshelby power represents a measure of the mechanical power
expended in a uniform body to make the inhomogeneity evolve, and thus carries information about

inhomogeneity and its evolution.
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Chapter 5

Eshelby’s Inclusion Problem in Large

Deformations

This chapter is based on Alhasadi and Federico (2019)

The theory of inclusions in an elastic matrix has been extensively studied by many researchers,
particularly in the framework of the linear elastic theory under small deformations. In Eshelby’s
seminal work (Eshelby, 1957), an inclusion in a material body is seen as a region that generally has
a geometrical misfit with the surrounding material, which causes the arising of residual stresses.
This geometrical misfit has been represented by Eshelby in terms of a transformation strain (or
eigenstrain) €' . The transformation strain is an imagined strain transforming the shape of a cavity
in a body into a different shape; this new shape is then assigned material properties and implanted
back into the body. Because of the geometrical misfit, the implant will only be possible by first
applying surface tractions causing a strain exactly equal to —e’ and by subsequently releasing these
surface tractions, which will cause a strain €, called cancelling strain in both the inclusion and

the surrounding material, giving rise to residual stresses. Eshelby called the strain attained by the

C T

inclusion at the end of this procedure the total (elastic) strain € —e’ , where €’ is non-zero only in the
inclusion. It is important to emphasise that, in Eshelby’s procedure (see also Mura, 1987; Balluffi,

2012), all strains are piecewise compatible, i.e., integrable separately in the inclusion and in the
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matrix, to obtain the corresponding transformation displacement u” and cancelling displacement
u€. Tt has been shown that the only case for which a uniform transformation strain results in
uniform stress and strain fields inside the inclusion is that of an ellipsoidal inclusion (Sendeckyj,
1970; Rodin, 1996; Ru and Schiavone, 1996; Markenscoff, 1997; Kim et al., 2008).

For the case of an ellipsoidal inclusion in an isotropic matrix, Eshelby (1957) showed that the
cancelling strain is related to the transformation strain via € = S : €’, where the fourth-order
tensor S is now commonly referred to as Eshelby’s (fourth-order) tensor in his honour. Since the
ellipsoidal inclusion can describe several cases, ranging from cracks (extremely oblate ellipsoid
with negligible elastic properties) to fibres (extremely prolate ellipsoid), this approach has been
used widely in literature on linear composite material with inclusions (e.g., Walpole, 1966a,b;
Tandon and Weng, 1984; Weng, 1984, 1990; Federico et al., 2004), in order to find the overall
properties of a composite material starting from the properties of the individual constituents.

In the framework of large-deformation mechanics, Eshelby’s inclusion problem has been for-
mulated by means of a multiplicative decomposition of the deformation gradient in the form
F = F°F~ (in the notation of Diani and Parks, 2000; Yavari and Goriely, 2013), where F* has
been termed the “eigenstrain deformation gradient” (corresponding to Eshelby’s —e’), and F, the
“elastic deformation gradient” (corresponding to Eshelby’s €©).

We note that this approach is conceptually based on the classical Bilby-Kroner-Lee (Bilby et al.,
1957; Kroner, 1959; Lee, 1969) decomposition of the deformation gradient, originally devised for
plasticity, i.e., ¥ = F . F,, where F, is the anelastic part of the deformation, which, in the case of
plasticity, represents precisely the plastic deformation. In the equivalent approach to anelasticity
stemming from Noll’s theory of material uniformity (Noll, 1967), Epstein and Maugin (1990)
defined the implant tensor P as the tensor mapping an archetypal point into the body, generally
causing a non-integrable distortion in the body. In this formulation, the purely elastic deformation
of the theory of plasticity reads F', = F P. Comparison with the Bilby-Kroner-Lee decomposition
yields that the implant tensor is the inverse of the plastic deformation, i.e., P = F;!.

We are aware of only one attempt to obtain the large-deformation counterpart of Eshelby’s
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relation €© = S : €’ between the transformation and the cancelling strain in terms of the fourth-
order Eshelby tensor. Nemat-Nasser (1999), used an approach in terms of the time derivative of
the deformation gradient F and proposed an additive expression of these F-like tensors as the
large-deformation counterpart of the additive decomposition of the infinitesimal strain. However,
this must be considered as an approximation, since the various time derivatives of the F-like tensors
that Nemat-Nasser (1999) considered map between different spaces and thus, rigorously speaking,
cannot be added.

The goal of this work is threefold. First, we shall show that Eshelby’s inclusion problem admits a
multiplicative decomposition of the deformation gradient that is piecewise (matrix/inclusion) com-
patible, i.e., each resulting deformation gradient is in fact the tangent map of a certain configuration
map in the matrix or the inclusion. Second, we shall determine the multiplicative decomposition
of the deformation gradient corresponding to the additive decomposition of the infinitesimal strain
used by Eshelby (1957) in the case of small deformations; in particular, we shall show that Es-
helby’s original additive decomposition of the infinitesimal strain is most naturally obtained via a
mixed formulation, in which the transformation strain (which we denote ¢;) is the linearisation of
an F-type tensor of the Bilby-Kroner-Lee decomposition, while the cancelling strain (which we
denote €,) is the linearisation of a P-type tensor of the Noll-Epstein-Maugin decomposition. Third,
we shall show how Eshelby’s fourth-order tensor S can be recast in an incremental formulation
in the case of large deformations and that the cancelling deformation outside the inclusion can be

obtained via a suitable evolution law.

5.1 Theoretical Framework

We identify a continuum body with one placement B in the physical space 8, called the reference

configuration. For the sake of simplicity, we regard the physical space S to coincide with the affine
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space E® modelled on R? (Epstein, 2010). A configuration of the body is a mapping

¢:B->8: X x=¢X) (5.1

which maps material points X = (X', X%, X?) in the body B into spatial points x = (x!, x?, x%) in
S. Note that, for the sake of a lighter notation, we omitted the parameter time (rigorously, the ¢ in
Eq. (5.1)is ¢( -, 1) at a given time ¢). The map ¢ is called configuration map, and is an embedding,
i.e., it is such that its codomain-restriction ¢ : B — ¢(B) is a diffeomorphism: a continuous and
differentiable map, which is invertible, with a continuous and differentiable inverse ® = ¢‘1. The
tangent map of the configuration at each material point X € B is the Fréchet differential of ¢, i.e.,

the linear map

F(X) = (Te)(X) : TxB — T,S, (5.2)

called deformation gradient, for every material point X € B, F(X) maps vectors of the tangent
space Tx B into spatial vectors of the tangent space 7,8 (with x = ¢(X)) and such that, in coordinate
charts {X4} in B and {x“} in 8, it is represented by F¢, = ¢“ 4. The determinant J = det F is the

volume rate.

5.2 Anelastic Phenomena

Anelastic phenomena have been represented in two alternative ways: the Bilby-Kroner-Lee (Bilby
etal., 1957; Kroner, 1959; Lee, 1969) decomposition of the deformation gradient and Noll’s theory
of uniformity (Noll, 1967), further developed by Epstein and Maugin (e.g., Epstein and Maugin,

1990). In the Bilby-Kroner-Lee multiplicative decomposition of the deformation gradient,

F=F,F, (5.3)
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the tensors F, and F, describe the anelastic and elastic parts of the deformation, respectively. In
general, they are both non-integrable, i.e., they are not the tangent of any configuration map. This
means that F ,(X) maps the tangent space TxB at X into a vector space NxB describing the natural
state (i.e., stress-free state) of point X (Stefano et al., 2019). The non-integrability of F, implies
that the natural states NxB and NyB of two neighbouring points X and Y will in general not be
compatible. The elastic deformation F.(X) maps NxB into the tangent space 7,8 = Tyx)S in the
current deformation and restores compatibility. Note that, while F, and F, are individually not
integrable, their product is, since it coincides with the deformation gradient F = T'¢. Figure 5.1
illustrates the Bilby-Kroner-Lee decomposition and the lack of compatibility in the collection of

natural states NB (Stefano et al., 2019).

Figure 5.1: Bilby-Kroner-Lee decomposition, with the generally incompatible collection of natural
states N‘B, given by the disjoint union of the vector spaces NxB.

In the definition by Noll (1967), a body is uniform if all of its points are made of the same
material, even if, in the chosen reference configuration, they are distorted in such a way that they
exhibit different material properties. In the approach followed by Epstein and Maugin (1990), this
means that, for every point X, there exists a uniformity map P(X) mapping a fixed vector space A,
called the archetype, into the tangent space TxB. Figure 5.2 shows the archetype and the uniformity
maps P(X) and P(Y) of two distinct points X and Y. Since all points are assumed to be made of
the same material, it is possible to map TxB into Ty B by means of P(Y) P~1(X).

For the case of a uniform body, the Bilby-Kroner-Lee (BKL) decomposition and the Noll-
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Figure 5.2: The representation of a materially uniform body B and the isomorphism between two
points X and Y. The vector space A is the archetype.

Epstein-Maugin (NEM) decomposition become equivalent once we set

F,=FP, P=F (5.4)

a °

as illustrated in Figure 5.3.

Figure 5.3: Equivalence of the BKL and NEM decompositions for a uniform material.

5.3 Eshelby’s Inclusion under Finite Deformations

In small deformations, Eshelby’s imaginary procedure for the characterisation of the inclusion
problem is introduced in terms of infinitesimal strains, which can be decomposed additively.
Under finite deformations, we need to refer to the corresponding multiplicative decomposition
of the deformation gradient. We note that the Bilby-Kroner-Lee and the Noll-Epstein-Maugin

decompositions were developed with incompatible deformations and continuous distributions of
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defects in mind. In the case of an inclusion, these decompositions give rise to deformation tensors
that are piecewise compatible, i.e., compatible in the matrix and inclusion separately. This means
that the incompatibility is discrete, in the sense that there are two bodies (the matrix and the
inclusion) each undergoing compatible deformations, but whose shapes are incompatible with each
other.

We also note that Eshelby considered, as the reference configuration, the incompatible stress-
free state. For this reason, his “total strain €” would correspond, in the spirit of the Bilby-Kroner-
Lee or Noll-Epstein-Maugin decompositions, to an elastic strain €,, linearisation of the elastic

deformation F, of Egs. (5.3) and (5.4). Similarly, Eshelby’s “applied strain e*’

> corresponds to
the globally integrable deformation gradient F = T'¢. In order to avoid confusion, we follow the
notation dictated by the decompositions (5.3) and (5.4), and then report, in Table 5.1 the equivalence
among several different notations found in the literature, starting from that of Eshelby (1957). Our
description of Eshelby’s procedure is similar to the original one (Eshelby, 1957, 1975) and to that
given in a previous work (Alhasadi and Federico, 2017), and describes the case of an inclusion

made of the same material of the matrix, but with a misfitting shape, causing residual stresses.

Eshelby (1957) called this type of inclusion a “homogeneous inclusion”.

5.3.1 Eshelby’s Procedure

With reference to Figure 5.4, let M be an elastic and stress-free body with a cavity described by
the open region R in its interior. Let D* be another elastic and stress-free body, called inclusion,
which does not fit the cavity R. For the moment, let us limit ourselves to the case in which the
material contained in D* is the same as in M (Eshelby’s “homogeneous inclusion™). Together, M
and ‘D* constitute an incompatible stress-free configuration B* of some body B, which we are now
going to construct. We note that in the procedure originally presented by Eshelby (1957), the first
passage is slightly different, although equivalent. We shall clarify this in Section 5.3.2.

In order to fit D* into the cavity R of M, we apply tractions on the boundary dD* of the inclusion.

As a result, the inclusion D* will undergo a deformation described by the map gogi) . D* — D with
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tangent map Pgi) = Tgo,i), transforming D* precisely into D = R. We call the tangent map Pgi)
the transformation implant, which is by definition compatible (i.e., integrable). At the same time,
we note that nothing has happened to M. Thus, everywhere in M, we have that ng) M- M
coincides with the identity map Id in M and Pgm) = I is the identity tensor in TM, which reflects
the fact that the matrix M is undergoing no deformation. We denote B = M U D the configuration
of the sought body B in which the matrix M is still stress-free but the inclusion D is subjected to
the stresses caused by the transformation map g)gi) and transformation implant Pgi). We can define
the overall transformation map g, and transformation implant P; piecewise as

gogi) :D* — D, in D*
9r = (5.5)

and

P, = ' (5.6)

Once the transformed inclusion D has been fit into the cavity R, we weld (i.e., impose perfect
bonding between matrix and inclusion) and relax the surface tractions on D. This causes both the

inclusion D and the matrix M to relax elastically with a deformation
Pc: B — B, (5.7)

called cancelling map, which is everywhere continuous (in order to respect the perfect bonding
condition) but is non-differentiable on D, i.e., its tangent map P, = T'¢. is not defined on D and

presents a jump condition on D. Thus, the cancelling implant P, is defined piecewise as

PY 1D >TD, inD,
P, = ] ] (5.8)
P(Cm) TM — TM, in M.

The configuration resulting from g, is the sought reference configuration B of our body with a
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misfitting inclusion, and is subjected to residual stresses, which are continuous on the matrix-
inclusion interface D. When B is subjected to a deformation described by the configuration map
¢ and its tangent map F = T'¢, it attains the current configuration ¢(B).

B=MUD o, F ¢(B)

B=MuUD B* = M U D*

Figure 5.4: Eshelby’s procedure to implant an inclusion in a homogeneous matrix.

We conclude this section by remarking that the continuity of the cancelling map ¢, and the
discontinuity of the cancelling implant P. are the large-deformation analogues of the continuity
of the cancelling displacement u . and the discontinuity of the cancelling strain €. on the matrix-
inclusion interface in the original work by Eshelby (1957) (in which they were denoted u¢ and €€,

respectively).

5.3.2 BKL, NEM, Eshelby’s and Proposed Representations

We show how Ehselby’s procedure (Eshelby, 1957) can be represented by the BKL and NEM
multiplicative decompositions.

For the case of the BLK decomposition, with reference to Figure 5.5, we have

F =F,F,F,, (5.9)
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’ )
F&
M

D \M

B=MuUD -~ B* = MU D*
F;

Figure 5.5: Mixed BKL-NEM decomposition to describe Eshelby’s inclusion problem in large
deformations.

where FF ., given by the transformation deformation gradient F; and the cancelling deformation
gradient F ., replaces the anelastic deformation F, of the classical BLK decomposition (5.3).
We remark that, while the F, in (5.3) is generally non-integrable, both the transformation and
cancelling deformation gradients F; and F . are.

Always with reference to Figure 5.5, for the case of the NEM multiplicative decomposition, we

have

F,=FP_.P, (5.10)

where the implant tensor P has been replaced by the product P.P; of the cancelling implant P, and

transformation implant P, described in Section 5.3.1. Comparing with Eq. (5.9), we have that
P.=F_, P, =F " (5.11)

In order to match Eshelby’s original additive decomposition of the infinitesimal strain, we pro-

pose a mixed BKL-NEM formulation, in which we consider as primary objects the transformation
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deformation F; = P;! and the cancelling implant P,., and write the decomposition as

F,=FP.F;', (5.12)

in which we must keep in mind that F;! = P, is defined piecewise in the matrix and in the inclusion,
according to Eq. (5.6).

As we shall show later (see Eq. (5.26)) the linearised form of the decomposition (5.12) is

€. = €+ €, — €, (5.13)

where €,, €, €. and ¢, are the linearisations of F,, F, P, and F,, respectively. The perfect match
with Eshelby’s formulation Eshelby (1957) can be seen by writing Eq. (5.13) in Eshelby’s notation
(see also Table 5.1) as

e=€"+e" - €. (5.14)

We remark that, in his original presentation Eshelby (1957) actually deformed the shape of the
cavity R into the shape of the misfitting inclusion D* by means of the transformation strain e,
corresponding, in our framework, to P; = F t_l. Precisely for this reason, Eqgs. (5.13) and (5.14)
show that Eshelby’s formulation was in fact a mixed formulation, with the (implant) cancelling strain
€., corresponding to our cancelling implant P, and the transformation strain €;, corresponding to

our transformation deformation F,.
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deformation inf. strain | Eshelby | Mura Alhasadi | Diani
(1957) (1987) and and
Federico | Parks
(2017) (2000);
Yavari
and
Goriely
(2013)
F € €t €Y el 1]
F, €; el ' €* (F*)71
F. —€, e —€ e (F&)!
P, —€; —el —€* —€* F*
P, €. €€ € €€ F°
P:PCF,_1 €. — € e —€’ €—€" e’ F
F, €. € e € [1F]

Table 5.1: Comparison of the notation presented here for large deformations (“deformation”
column) and for small deformation (“inf. strain” column) and the various notations used in the
literature (Eshelby, 1957; Mura, 1987; Diani and Parks, 2000; Yavari and Goriely, 2013; Alhasadi
and Federico, 2017). For the case of Diani and Parks (2000) and Yavari and Goriely (2013), note
that no deformation is applied after the implantation of the inclusion and this is why we indicated
the symbols corresponding to our F = T'¢ and F, in brackets. In the notation of Diani and Parks
(2000) and Yavari and Goriely (2013), the deformation gradient F = T'¢ would be represented by
a simple shifter 1 (see, e.g., Eringen, 1980; Marsden and Hughes, 1983, for a definition of shifter)
and, consequently, the elastic deformation F, would be represented as 1F. For the case of the book
by Mura (1987), the transformation strain €* is called an eigenstrain.
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5.3.3 Rate Form of the Proposed Decomposition

In order to obtain the large deformation analogue of Eshelby’s expression €. = S : €; (in our

notation), let us start by taking the time derivative of Eq. (5.12), i.e.,

F,=FP.F7' +FP.F;' + FP.(F;'y
=FP.F;' +FP.F;' —-FP.F;'F F;!

=FP.F;' + FP.F;' - F F,F;'. (5.15)

where we used (F; F ,_1)' = 0 in the first passage and Eq. (5.12) in the last passage. By analogy

with the velocity gradient I = FF~!, the elastic rate is defined as

l,=F,F;' =FP.F;'F,P.'F!
+FP.F'F.P'F!

— F F,F;'F!, (5.16)

from which

l,=F,F;' =FF ' +FP.P.'F' - F ,F,F;'F',

=1+FL.F'-F,AF (5.17)

where I, = F,F ;l and I = FF~' are entirely spatial, L. = PCP;1 is entirely in the reference
configuration B with residual stresses, and A; = F,F t_l is entirely in the stress-free configuration
(archetypal configuration) B*. By defining the push-forward I. = FL.F~' and the elastic push-

forward I, = F , A/F ;1, the spatial elastic rate can be written as

l.=1+1.-1,. (5.18)
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We remark that I;, like F;, is defined piecewise, and we have that I, is zero in the matrix and
non-zero only in the inclusion. Using Eq. (5.17), we obtain the F .-pull-back of Eq. (5.18) to the

stress-free configuration B* as

A, =F]'l,F,
=F;'IF,+F;'FL.F'F,-F;'F,AF,'F,

=F,'IF,+P'L.P - A, (5.19)

where we used F,!F = P. Thus, by defining A, = F;'1F,and A, = P"' L.P = F,'I.F,, we

have

Ae=A+A.— A, (5.20)

We are going to develop the case of ellipsoidal inclusion in the framework of large deformations in
Section 5.3.4 and we are going to show that, despite the fact that the velocity gradient Z, all I-like
tensors in Eq. (5.18) and their F.-pull-backs in Eq. (5.20) generally lack symmetry, Egs. (5.18)
and (5.20) can be righteously considered as the large-deformation counterparts of Eshelby’s original

decomposition (5.13).

5.3.4 Ellipsoidal Inclusion

For the case of the ellipsoidal inclusion in an isotropic matrix, in the small-deformation formulation
used by Eshelby (1957) (see also Mura, 1987), the cancelling strain is related to the transformation

strain via the fourth-order Eshelby stress, i.e.,

€. =95 €. (5.21)

In Eshelby’s procedure, the transformation strain €, and the cancelling strain €, are both inte-

grable for an ellipsoidal inclusion that is going to be implanted into an ellipsoidal cavity (Balluffi,
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2012; Alhasadi and Federico, 2017). Moreover the transformation displacement field u, and the
cancelling displacement field u, can be both considered to be irrotational in the inclusion, i.e.,
the transformation displacement gradient h, = grad u, and the cancelling displacement gradient
h. = grad u, have null skew-symmetric parts ¢, and ¢, and thus coincide with their symmetric
parts €, and €.

In our large-deformation counterpart of Eshelby’s procedure, we also imagine the transforma-
tion deformation F', to cause no rotation of the ellipsoidal inclusion, and similarly for the cancelling
implant P.. We first note that, in general, the infinitesimal strain €, symmetric part of the displace-
ment gradient h = grad u, is the linearisation of the rate of deformation d, symmetric part of the
velocity gradient /. Indeed, € can be obtained by defining the displacement field as u = v ¢, where
v is the velocity and 67 is an increment of time. We subsequently extract the symmetric part of
Eq. (5.18), which is the large-deformation counterpart of (5.13), then look at the F . pull-back of the
resulting expression, and finally introduce the fourth-order Eshelby tensor, to find the counterpart
of Eq. (5.21).

First, let us left-multiply Eq. (5.18) by the spatial metric tensor g in oder to make the velocity

gradient I and all I-like tensors fully covariant, i.e.,
gl,=gl+gl.—gl,. (5.22)

Then, as for any fully covariant (or fully contravariant) second-order tensor, we decompose the

covariant velocity gradient / b= g | into the sum of its symmetric and skew-symmetric parts, i.e.,
_ T _ T _
gl=d+w, d =d, wo=-w, (5.23)
where, for the case of the velocity gradient,

d=1@gl+1"g), w=1i@gl-1"g) (5.24)
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take the meaning of rate of deformation and spin tensor, respectively. Using the same decomposi-

tion (5.24) in all terms in Eq. (5.22), we obtain
d.+w,=d+w+d.+w.—d; —w;. (5.25)
Extracting the symmetric part of (5.25), we obtain
d,=d+d,-d, (5.26)

which is the large-deformation counterpart of Eshelby’s relation (5.13). In passing, we note that,
considering that the transformation rate /, and the cancelling rate I are irrotational by hypothesis

(i.e., w; = 0 and w. = 0), we have, for the skew-symmetric part,
W, =w. (5.27)

Now, we evaluate the F .-pull-back to the archetype B* of the sym-skew decomposition (5.23)

of the covariant velocity gradient / b= glas
C.A=A+Q, A'=A Q'=-Q (5.28)

where C, = FIgF, is the F,-pull-back metric in the archetype B* and the symmetric and

skew-symmetric parts A and Q are intended to be taken with respect to the metric C,, i.e.,
A=1(C.,A+ATC,), Q=LC.A-ATC,). (5.29)

Applying the decomposition (5.29) to Eq. (5.20), and with consideration similar to those that led

to Eq. (5.26), we have
A, =A+A.— A, (5.30)
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We are now ready to introduce the archetypal fourth-order Eshelby tensor H, which relates
the symmetric parts A, and A, of the cancelling and transformation rates in the inclusion via the

relation
Ac =H: A[, (Ac)a,B = legﬂ‘g (At)ﬂ-g, in D*, (531)

which the large-deformation counterpart of Eshelby’s classical relation €, = S : €,. The large-
deformation Eshelby tensor H has the same symmetries of the classical S, i.e., both minor symme-
tries and no major symmetry.

By noting that the implant rate tensor Ap is given by the last two terms of the right-hand side

of Eq. (5.20), i.e.,
Ap=A;— Ay, (5.32)
we can substitute (5.32) into (5.31) and obtain
Ap=[H-1"]: A, in D*, (5.33)
where I is the (symmetric) fourth-order identity tensor with components
"5 = 1(674 6% + 67" 5 6%,). (5.34)

Because of the analogy between the large-deformation Eshelby tensor H and Eshelby’s classical
tensor S, the components of H can be taken to be equal to those of S, which are tabulated in various
works (e.g., Qiu and Weng, 1990; Federico et al., 2004), with a caveat. Eshelby’s tensor S is thought
for an isotropic, linear elastic matrix with Poisson’s ratio vo. We can think of this Poisson’s ratio
to be taken in the stress-free incompatible configuration B*. Thus, once an isotropic hyperelastic

constitutive equation is chosen for the matrix, the corresponding Poisson’s ratio can be obtained
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and used to evaluate the components of tensor H, modelling them on those of S.

5.3.5 Solution Outside of the Inclusion

The large-deformation Eshelby’s relation (5.31) solves the problem inside the inclusion and de-
termines the boundary conditions of position and stress on the inclusion-matrix interface. The
solution outside of the inclusion could be achieved via an appropriate evolution law for the implant
P. We recall that, outside the inclusion, the transformation implant P, = F;! equals the identity
I: thus, for all practical purposes, we only need to find one P, which coincides with the cancelling
implant P, outside the inclusion.

Epstein and Maugin (2000) (see also Epstein and Elzanowski, 2007) postulated an evolution

law for the implant tensor P describing an anelastic phenomenon as

P=PfUpP"MPT") = Ap=FfUpPTMPT) (5.35)

where Jp = det P, M = F'T is the Mandel stress (with T being the first Piola-Kirchhoff stress) and
f is a function valued in the space of archetypal “mixed” tensors in B*, such as Ap = P~'P (which

has components (Ap)?g) and not depending explicitly on the point X. The simplest possible form

A

of fis

fpPTMPTy=-kspC;'PPMPTC, (5.36)

where k is a positive constant and the F ,-pull-back metric C, and its inverse C gl serve to lower
the second index and raise the first index of PTM P~ respectively.

By substituting Eq. (5.36) into Eq. (5.35), we obtain

Ap=—-kJpC;'P"MPTC, (5.37)
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and, by left-multiplying Eq. (5.37) by C, and extracting the symmetric part of C, Ap, we get

Ap = 1(C.Ap +ALC,)

=-kJpi(P"MPT'C,+C.P'M"P). (5.38)

where we recall again that, outside the inclusion, the implant rate tensor Ap coincides with the

cancelling implant rate A, (exactly like P reduces to P.).
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Chapter 6

Discussion

This thesis contains four major parts, developed in Chapters 2 to 5 and discussed here.

Chapter 2 is concerned with obtaining a relation between Eshelby stress and fourth-order Eshelby
tensor in the three fundamental types of inclusion, within the theory of small deformations. In
Chapter 3, the classical results of the Eshelbian inclusion problem are obtained by implementing
Noether’s theorem, based on the framework of modern differential geometry. In Chapter 4 is
dedicated to showing how the use of the general framework of material uniformity, a differential
identity for the modified Eshelby stress and an analogous one for a modified Eshelby power can
be obtained for uniform bodies. Furthermore, a relation is obtained between the two differential
identities (Eshelby force and Eshelby power) in a dynamical setting. In Chapter 5, the problem of the
Eshelby inclusion in large deformations is addressed by introducing a multiplicative decomposition
of deformation gradient analogous to the additive decomposition of the infinitesimal strain used by

Eshelby in his imagined construction of the inclusion problem.

6.1 Eshelby Stress and Tensor within an Ellipsoidal Inclusion

The multifaceted genius of Eshelby has given rise to fundamental developments in modern Con-
tinuum Mechanics. Among the problems that Eshelby tackled, we focussed on the effect of

inhomogeneities, which is captured by the stress that Eshelby (1951) called energy-momentum ten-

142



sor or Maxwell stress and that Maugin and Trimarco (1992) called Eshelby stress, and the problem
of the ellipsoidal inclusion, in which the “cancelling strain” arising from the geometrical misfit of
the inclusion with the matrix is captured by the fourth-order Eshelby tensor (Eshelby, 1957).

The objective of this work (Alhasadi and Federico, 2017, see Chapter 2) was to derive the
mathematical relation between the Eshelby stress p and the fourth-order Eshelby tensor S within
an ellipsoidal inclusion, under the hypothesis of small displacements and linear elasticity. We
based our derivation on the fact that both the Eshelby stress p and the fourth-order Eshelby tensor
S are related to the net material force acting on a region D containing a defect. In the case at
study, the “defect” occupies the whole region D and coincides with the inclusion. We studied
the case of inclusion with geometrical misfit and same elastic properties of the matrix, known in
the literature as “homogeneous inclusion”, the case of inclusion with no geometrical misfit but
different properties than the matrix, called “inhomogeneous inclusion”, and finally the case with
both misfit in geometry and material properties, which we call “general inclusion”, and found the

final expressions

(O'A -s7: ec) i— (S_l : eC)TO'A], in D, (2.57R)

T
(O’A STV (A=) eA) i— % (S_l (A=-1): GA) O'A:|, inD, (2.85R)
P =J3A+vB+%[0'A : [S_l : [(A—H) : (eA—e*)+A:S : e*] +e*]] i
- [ [S_l : [(A— D:(e?—€)+A:S: 6*] + e*]Ta'A], inD. (2.111R)
It is clear that Eq. (2.57) for the “homogeneous inclusion” is trivial, as the cancelling strain €¢
must in any case be determined from the assigned transformation strain €* via Eq. (2.19), which
brings Eq. (2.57) back to the form of Eq. (2.56), in which the Eshelby stress p is exclusively function
of the applied stress o and the transformation strain €*. However, it is necessary to work out the
case of the “homogeneous inclusion” to derive the other two.
In contrast, we find Eq. (2.85) for the “inhomogeneous inclusion” to be very appealing, as the

absence of a “real” transformation strain €* makes it possible to express the Eshelby stress p as
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a function of exclusively the applied stress o4 and of quantities that depend on the shape of the
inclusion and the material properties of inclusion and matrix. Indeed: i) the fourth-order Eshelby
tensor S depends on the shape of the ellipsoidal inclusion, i.e., on the ratios among the semi-axes,
and, for an isotropic matrix, on the Poisson’s coefficient of the matrix (Eshelby, 1957; Qiu and
Weng, 1990); ii) the fourth-order strain concentration tensor A depends on S and the elasticity
tensors L and L’ (Eq. (2.65)); iii) the applied strain € is given by €4 = L™! : g4,

This result could be very helpful to directly find the net material force on the “inhomogeneous”
inclusion, by employing tabulated values of the components of S and the elastic constants of matrix
and inclusion. For instance, Qiu and Weng (1990) report the components of S for the case of a
spheroidal inclusion, i.e., an inclusion that is a revolution ellipsoid, with two of the semi-axes being
equal. The case of Eq. (2.111) for the “general inclusion” has the same advantages of Eq. (2.85)
for the “inhomogeneous inclusion”, although it obviously needs the “real” transformation strain €*
as an additional input. We remark that the “inhomogeneous” inclusion is perhaps the most relevant
in the treatment of composite materials, as it has been used as the basis of the description of
composites with ellipsoidal and fibre-like inclusions (Walpole, 1966a,b, 1969; Tandon and Weng,
1984; Weng, 1984, 1990; Ru et al., 2001; Federico et al., 2004; Kim et al., 2008), in which the
geometrical misfit is null or negligible with respect to the misfit in material properties.

From a more general perspective, we have attempted to relate these two aspects of Eshelby’s
pioneering research, which we find important from the epistemological point of view. We have also
tried to present an organic and hopefully clear formulation for the known problem of the ellipsoidal

inclusion, which could serve as a didactic tool in micromechanics.

6.2 Eshelby’s Inclusion and Noether’s Theorem

In this work (Federico et al., 2019, see Chapter 3) we systematically reviewed the two procedures
proposed by Eshelby to study the effect of inhomogeneity in an elastic body, in the differential

geometric picture of Continuum Mechanics. The first procedure (Eshelby, 1951) involves the
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classical cutting-replacing-welding operations and is mathematically represented by defining the
energy as a functional on the manifold M of the Eshelbian configurations Y (which transform the
domain D containing the inclusion/defect), and performing a variation on the coordinates, i.e., a
variational derivative made with respect to a material displacement field U, seen as a variation of
the identity Eshelbian configuration X. The second procedure (Eshelby, 1975) follows Hamilton’s
principle of stationary action. Accordingly, the energy is defined as a functional on the manifold C
of the conventional configurations ¢, and a variation is performed on the fields, i.e., a variational
derivative is calculated with respect to a spatial displacement, seen as a variation of the configuration
map ¢.

The natural manner to unify the two procedures is the use of Noether’s Theorem, in which a
variation on both fields and coordinates (total variation) is used. Indeed, to obtain this result, we
defined the energy as a functional on the product manifold C x M of the conventional configurations
¢ and the Eshelbian configurations Y, and performed a variational derivative with respect to the pair
(1, U), which is a variation with respect to the pair (¢, X). While certainly no additional proof was
needed to demonstrate the beauty and generality of Noether’s Theorem, we find that it is insightful

to look at Eshelby’s theory of defects from the point of view of Noether’s conservation laws.

6.3 Eshelby Force and Power for Uniform Bodies

The theory of configurational forces can be presented within the general framework of material
uniformity (Alhasadi et al., 2019, see Chapter 4). Eshelby (1975) used a variational approach,
which we could call with respect to the material point X, to derive the configurational force § and
the divergence N = Div € of the Eshelby stress, which here we called Eshelby force. Following
the same approach with respect to time t, we obtained the energy release rate ® and the Eshelby
power Y = —L + Div R, which are the counterparts of the configurational force § and the Eshelby
force N = Div €, respectively. We note that Eshelby had obtained a similar, but less general result

(Eshelby, 1970). Indeed, since he did not consider a time-dependent Lagrangiaan, he only obtained
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the contribution Div R to the total Eshelby power of Eq. (4.71).

We showed that not only the P-divergence of the modified Eshelby stress (Epstein and Maugin,
1990), which we called here modified Eshelby force Ny = €48.5 = [-A o (#) 548 — M45].5, but
also the modified Eshelby power Y=—Jp L+ iA; A obeys a particular differential identity, based on
the torsion of the connection arising from the uniformity isomorphism P. Through the study of the
dissipation inequality, we deduced that the Mandel stress M, which is the dual of the inhomogeneity
rate tensor Lp = PP~ (Epstein and Elzanowski, 2007), is the driving force of the processes of
growth-remodelling. Finally, we obtained a relation between the two differential identities (for the
modified Eshelby force and for the modified Eshelby power) and, using the definition of the inverse
velocity (Epstein and Maugin, 2000), we concluded that the Eshelby power is a measure of the

mechanical power expended in the evolution of a uniform body.

6.4 Eshelby’s Inclusion Problem in Large Deformations

In his classical paper, Eshelby (1957) used a thought experiment to describe the decomposition of
the infinitesimal strain for the case of an inclusion in an otherwise homogeneous matrix. We had
studied the problem in the small-deformation theory (Alhasadi and Federico, 2017, see Chapter 2)
and, in this work (Alhasadi and Federico, 2019, see Chapter 5), we obtained the large-deformation
counterpart of Eshelby’s additive decomposition of the infinitesimal strain in the form of a multi-
plicative decomposition of the deformation gradient. We showed that, in order to match Eshelby’s
procedure for the implant of the inclusion into the matrix, the multiplicative decomposition should
be a hybrid between the classical Bilby-Kroner-Lee decomposition (5.3) and the Noll-Esptein-
Maugin decomposition (5.4), which is based on the use of the implant tensor P of the theory
of material uniformity. The result is the mixed decomposition (5.12), in which the deformation
gradient F, the transformation deformation gradient F,, the cancelling implant P, and the elastic
deformation F, correspond exactly to Eshelby’s strain €, transformation strain €,, cancelling strain

€. and elastic (“total”, in Eshelby’s terminology) strain €,. So to speak, the transformation strain
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€; is a “forward” deformation gradient (linear counterpart of F,) and the cancelling strain €. is
a “backward” implant (linear counterpart of the implant P.. Furthermore, we suggest a solution
outside the inclusion based on the evolution law approach proposed by Epstein and Maugin (2000).

We emphasise that Eq. (5.12) is general and valid for an inclusion of any shape, and that
Eshelby’s equation (5.13) is the linearisation of the proposed decomposition (5.12) only for the
case of the ellipsoidal inclusion, when the transformation displacement field and the cancelling
displacement field in the inclusion are irrotational. Had Eshelby (1957) studied the general case
of inclusion of arbitrary shape, his equation (5.13) would have come from the symmetrisation of
the analogous expression

h,=h+h.—h, (6.2)

in terms of displacement gradients, which represents the linearisation of our equation (5.18) in

terms of velocity gradients.

6.5 Outlook and Future Work

The research in this thesis has focussed on two of Eshelby’s classical results: the configurational
force acting on a defect, which gives rise to the Eshelby stress (Eshelby, 1951), and the study of
the inclusion problem, in general and for the case of the ellipsoidal inclusion, which gives rise to
Eshelby’s fourth-order tensor (Eshelby, 1957). Initially, the goal was to find a relation between the
two tensors in the small-deformation regime and then extend to the large-deformation regime.
While it has been possible to achieve this relation in small deformations and the inclusion
(Alhasadi and Federico, 2017), an analogous relation in large deformations remains an open
problem. However, we successfully generalised the inclusion problem to large deformation, via
the mixed Bilby-Kroner-Lee / Noll-Epstein-Maugin decomposition that we proposed (Alhasadi and
Federico, 2019). The path to this result was made possible via our study of the inclusion problem
in the light of Noether’s theorem (Federico et al., 2019) and the theory of continuously distributed

defects (Alhasadi et al., 2019).
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Our future plans include:

* Further attempts to extend the relation between the two Eshelby tensors to the case of large

deformations;

* Extension of the large-deformation inclusion problem to the case of the ellipsoidal “inhomo-
geneous inclusion”, i.e., inclusion with material properties different from those of the matrix
but no geometrical misfit, and to the case of the ellipsoidal “general inclusion”, with both

material property mismatch and geometrical misfit;

» Application of the theory that we developed so far, with implementation into numerical
schemes such as Finite Elements. As mentioned in Section 6.4, we plan to apply this method

to biomechanical problems such as tumour growth.
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Appendix A

Appendix

A.1 Vanishing of divp® and div p®

Here, we give a direct proof of the fact that, for a linear elastic material, the divergence of the
Eshelby stress pX arising from an elastic field described by uX, €X, oX is identically zero over a
region D in which the elasticity tensor L is homogeneous. If D is an inclusion, the elasticity tensor
is the same as that of the matrix, L, for the case of “homogeneous inclusion”, and a different one L’
for the cases of “inhomogeneous inclusion” and “general inclusion”. The proof is easiest to show

in components and the elasticity tensor is simply called L for the sake of a lighter notation.

Given the Eshelby stress

ol =3 (o k) 6y - nX o, (A1)
its divergence is
X 1 X X X X X X
p,‘j,j = 2 (O-rs]h +O—rs hrSJ)(S hrlj h V]] (A2)

Recalling that, in the absence of external body forces, ar’;j

= 0, and with some straightforward
manipulations (including use of the symmetry of second partial derivatives, i.e., u,;; = u, j;, from
which h,;; = h,j;), we have

o hX—O' hX

le =2 [ rs,i rst] . (AS)
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By using the linear elastic constitutive equation (2.7) and assuming homogeneity of the elasticity
tensor L within D, we get
N =5 (Lrstt By bl = Losie by XS] (A4)

pz],] 8,0

Finally, by virtue of the major symmetry of the elasticity tensor, i.e., L,sx; = L5, We finally obtain

X _1 _
pij,j ) [Lklrc hr”h rvkl hkl rsz] (AS)

A.2 Alternative Derivation of Y™

An alternative derivation of the interaction energy in Eq. (2.41) was proposed by Balluffi (2012).

A rearrangement of Eq. (2.29) yields
W = (W = Wi = WE) + (West = Wik (A.6)

The first term in Eq. (A.6) is equal to

Wel—WQ—WSZ%/B(O'A+O'B)Z(hA+hB)—%/BO'AZhA—%/BO'BZhB

= %/B(O'A “h8+ o hA), (A7)

which, by virtue of the rule of corresponding fields (Eq. (2.9)), reduces to
We = W4 - WE = / o h®. (A.8)
B

The second term in Eq. (A.6) can be simplified as

Wext = WA = / —tA (uc + uA) —/ —tut = —/ t4uC, (A.9)
B B oB
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where, again, t4 = 0“n on 9B. Therefore,

wint = / o’ eB—/ t4u€. (A.10)
B oB

By applying Gauss’ theorem to the second term of Eq. (A.10) and recalling that €* = h* = grad u*

(Eq. (2.20)), we obtain

wint = / ot ef - / o hC. (A.11)
B B

Now, we exploit additivity of the integral operation over disjoint subsets (i.e., subsets with zero-
measure intersection) and rewrite the second term of Eq. (A.11) as the sum of integrals over the

regions D and M = B\ D:

/O'A:hC:/ o (hB+e*) +/ o (h® + €. (A.12)
B D M

Since the transformation strain €* vanishes in M, we have

/BO'A:(hB+e*) :/Da'Az(hB+e*)+/M0'A:hB. (A.13)

Finally, the total interaction energy (A.11) of the fields A (applied) and B (caused by the inclusion)

becomes

Wim:/o-A:hB—/O'A:(hB+e*)—/ a'A:th—/O'AZG* (A.14)
B D M D

which coincides with Eq. (2.41). This same alternative approach could be employed to derive the

interaction energy for the cases of the “inhomogeneous inclusion” and of the “general inclusion”.
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A.3 Equivalent Derivation of Tensor A

Following Weng (see Eq. (10) in (Weng, 1984) and Eq. (2.7) in (Weng, 1990)), we define the stress

o within the ellipsoidal “inhomogeneous” inclusion as
oc=B:0% inD, (A.15)

where o4 is the applied stress, and B is the stress concentration tensor defined by (Weng, 1990),

B=[I+L:(@I-95):[L"-L]", inD. (A.16)

Since 04 = L : € (stress that would be attained if the inclusion had the same elasticity tensor L
of the matrix) and o = L’ : € (stress actually attained in the inclusion with elasticity tensor L"), we

can write Eq. (A.15) as
e=L"":B:L:ée" (A.17)
By substituting the expression (A.16) of the tensor B into Eq. (A.17), we obtain
e=L"":[I+L:@-9): L' - }L,_l]]_1 L et (A.18)

If we consider that, for every invertible fourth-order tensors Y and Z, it holds that (Y : Z)™! = =1 :

Y1, we have
-1 ’ 7—1 -1 -1 A
e=[L":L+@-S):[L""'-L7"]: L] :e€ (A.19)

where, after some straightforward manipulation, the fourth-order tensor that double-contracts with
€ can be recognised to be the strain concentration tensor A of Eq. (2.65). Therefore Eq. (A.19)

coincides with Eq. (2.69).
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A.4 Monogenic and Polygenic Forces

The variational setting adopted in our work serves as a basis for the employment of Noether’s
Theorem (see Section 5), which, for first order theories, is generally enunciated for a Lagrangian
density function depending on “fields and gradients of the fields”. Hence, the expression of the
energy density used so far, i.e., W = W o (¢, F, X), is meant to replicate, up to the sign, the standard
functional dependence of a generic Lagrangian density function, for which Noether’s Theorem is
formulated. In principle, however, neither the introduction of the Eshelby stress tensor nor that of
the configurational force density require any variational framework. Indeed, as clearly shown by
Gurtin (1995), the existence of these quantities stands on its own, and it necessitates neither the
hypothesis of hyperelastic material nor the assumption of body forces descending from a generalised
potential density. The Eshelby stress tensor, for instance, is defined also for a generic Cauchy elastic
material (for a definition of Cauchy elastic materials, see, e.g., Ogden, 1997), for which the first
Piola-Kirchhoff stress tensor, P, cannot be determined by differentiating the body’s free energy
density with respect to its deformation gradient tensor. In this respect, we recall Gurtin’s words:
“My derivation of Eshelby’s relation is accomplished without recourse to constitutive equations or
to a variational principle” (Gurtin, 1995). Yet, what is referred to as “Eshelby stress tensor” and
“configurational force density” within a given theory may well depend on whether or not the body
is hyperelastic and the body forces admit a potential.

To focus on the consequences of the existence of such a potential, we consider first a hyperelastic
and inhomogeneous material with energy density W' := We o (F, X), and subjected to body forces
for which no integrability hypothesis is made. Then, following Gurtin’s approach (Gurtin, 1995),

the following configurational force balance applies
Dive€ +§ = 0, (A.20)

where €°! := WeIT — FT P is the Eshelby stress tensor obtained by using W*' as free energy density,

el

and §° is the configurational force density satisfying Equation (A.20). Note that, for the sake of a
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lighter notation, we write F7 in lieu of FT o ¢ throughout this section.
To identify ' from Equation (A.20), we compute explicitly the divergence of €°, while

recalling the equilibrium equation Div P + f = 0. Thus, we find

Yrel

361 = —Dive = _aaix o(F,X)— FTf, (A.21)

thereby reaching the conclusion that ! consists of the sum of two contributions, denoted by

. 0‘;‘"/61
3e1,1nh — _ e o (F,X), (A.22a)
3el,b = —FTf, (A.22b)

and ascribable to the inhomogeneity of the material and to the presence of the body force f,
respectively. We emphasise that Equations (A.21), (A.22a) and (A.22b) are true regardless of
any prescription on the integrability of f. Still, without loss of generality, we may assume the
splitting f = fP + f™, where f™ is assumed to admit the generalised energy potential density

W™ = W™ o (¢, X), such that

m_ _IWT,
I =g o @) (A23)

In the terminology of Lanczos (1970, page 30), f? is said to be “polygenic”, whereas f is referred
to as a “monogenic” force density, because it is “generated by a single scalar function”, i.e., W™,

The splitting f = fP + f™ and Equation (A.23) permit to rewrite ! as

oW
8‘61:— G O(F,X)—FTf
owe - | oW
_—ax o(F,fX:)-f-F la¢

v

m

o (¢, DC)] —-FTfe, (A.24)
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and, since it holds true that

Y7m Y7m
o ]+‘9W 0 (¢, ),

m _ T o
GradW" = F [—a¢ (¢, X) EhG

the force density F takes on the expression

oW oWm
F.%X) -
ax ° X~

el _

o (¢, X) + Grad W™ — FT fP.

Moreover, by exploiting the identity Grad W™ = Div(W™IT), setting

A

el

. . ow'
wel = Wel o (F,X) = W o (¢, F, X), with 96 o(¢,F,X)=0,
m ¥/m rm . an
W =W"o (¢, X) =W"o (o, F,X), with oF o(¢,F,X) =0,

and defining the overall energy density, W := W + W™, we obtain
~cl aW . myT T
& =—ﬁ0(¢,F,X)+DIV(W I')-F" fP.

Finally, substituting this result into Equation (A.20) yields

)%

Div (WeIT — FTP) — —— o (¢, F, X) + Div(W™IT) — FT fP = 0,

0X

which can be recast in the form

A

Div (WIT - F'P) - Z—Z o (¢, F,X)—FTfP =0.

(A.25)

(A.26)

(A.27a)

(A.27b)

(A.28)

(A.29)

(A.30)

We recognise that the term under divergence in Equation (A.30) is the Eshelby stress tensor used

in our work, i.e., € = WIT — FT P, which is constructed with the energy density W. Accordingly,
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the corresponding configurational force is given by

3=~ 0o 0 (. F, ) - Ff? = ~ Grad W™, (A3D)

so that Equation (A.30) returns the configurational force balance Div € + § = 0. In the absence of
polygenic forces, i.e., for fP = 0, the form of the configurational force balance is maintained up to
the re-definition of §, which reduces to

oW

g = ~ % o(¢p, F,X), (A.32)

a result stating that the inhomogeneity force & acquires the meaning of an effective force accounting
for two contributions: the inhomogeneities of the material featuring in the body’s hyperelastic
behaviour and, thus, represented by W¢', and the inhomogeneities of the energy density W™, which

describes the interaction of the body with its surrounding world (e.g., via the mass density).

A.5 Divergence Transformation

Let us consider a field theoretical framework and analyse a static problem, described by the
Lagrangian density function £ = £ o (¢, Grad ¢, X), in which ¢ is a scalar field (the generalisation
to the situation in which ¢ is a collection of N scalar fields is straightforward). We emphasise that
@ is not the deformation here, but only a generic scalar field, as it could be the case for temperature
or for the scalar potential in Electromagnetism. Consequently, the evaluation ¢(X), with X € B,
only represents the value taken by ¢ at X, i.e., it is not the embedding of the material point X into
the three-dimensional Euclidean space. Within this setting, the quantity Grad ¢ need not be the
“material gradient” of ¢. Still, we maintain the notation introduced so far in our work in order not

to generate confusion.
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After renaming L= ﬁold, we express the divergence transformation as (Hill, 1951)

Lnew © (¢, Grad ¢, X) = Lg1q © (¢, Grad ¢, X) + Div Q, (A.33)

where @ = Q o (¢, X) is an arbitrary vector field. Moreover, we notice that the vector-valued
function € has to be independent of Grad ¢.
A first direct consequence of (A.33) is that the overall Lagrangian' associated with the body

transforms from

L) = / [£o1a o (¢, Gradg, )] (A34)
B
into
LY (p) = /B [Lnew © (¢, Grad ¢, X)], (A.35)

where Lg}%(¢) and Ly () differ from each other by the boundary term [}, QN i.e.,

LEY(p) = LY%(p) + /6 @0 ()N, (A36)

Since the variational procedure yielding the stationarity conditions for L%ld(go) and Lz (¢) requires
the fields ¢ and ¢ = ¢ + hn to coincide with each other on 0B (indeed, i is chosen such that it
vanishes on d13), a field ¢ for which L%ld((p) is stationary makes Lz (p) stationary too. Moreover,

such a field has to satisfy the same set of Euler-Lagrange equations. Indeed, upon recalling the

'Tn a more general — yet conceptually equivalent — framework, we should speak of action functional, rather than
“overall Lagrangian”, with the former being defined as the time integral of the latter over a given (bounded) time interval.
However, since all the quantities introduced in the present work are independent of time because of the hypothesis
of static problem, the action and the “overall Lagrangian” are defined up to a multiplicative constant representing the
width of the given time interval. For this reason, the formulation used in our work is totally equivalent to the general
one.

157



expression of the covariant divergence of €, i.e.,

DivQ = Q* 4 +T5,QF
AHA

oA i19)
= [ o (¢, DC)] OA+

(9(,0 GDCA (‘10’ :X:) + FQA[QB 0 (907 :X:)] s (A37)

and substituting (A.37) into (A.33), we find that another consequence of Equation (A.33) is given

by the identities

aﬁnew 6ﬁo 629A
—to(.)= Mo(.)+ o((p,x)]w
¥ 0y
9*OA L [008
+ AXAd o(p,X)+1Ig, [% o (¢, DC)] ) (A.38a)
¢ AB
aﬁnew o ( . ) 8£old ( ’ ) + 0Q o (()0’ :X:), (A38b)
aSD,B 8903 0Qp
a*CAnew 0Lo1d 82 B ]
o(... (... + o (g, X
[ a‘P,B ( ]|B [8903 ) B a<p 12 ) Y B
0208 9OP
°(p,X)+ T [ o ( ,DC)], (A.38¢)
3 9098 ~\¥ DB | 5, ° ¥

which imply the invariance of the Euler-Lagrange equations under the transformation (A.33), i.e.,

A A

9 Lo1a Lol _ O0Lnew 0 Lnew
5 o(...)— 5 o(..)] = o(...)—
¢ ®.B B 00 d¢.p

of.. .)) = 0. (A.392)
|B

We emphasise that this result holds true because Div[€ o (¢, X)] solves identically the Euler-

Lagrange equations, i.e.,

%Div[ﬁ o (¢, X)] — Div ( Div[Q o (¢, DC)]) =0. (A.40)

0
0Grad ¢

If ¢ is a collection of N independent scalar fields, Equation (A.40) becomes a system of N scalar
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equations, i.e., in components,

0 A A
—Div[Q o (¢, X)] - Div[]Qo (¢, X)]] =0, u=1,...,N. (A41)
Dt O 4 |A
However, the quantity
Div[ o (¢, X)], u=1...,N, A=123, (A.42)

OpH A

is not, in general, the component of a tensor field. Indeed, if it were, for example for N = 3, the
covariant divergence constituting the second term on the left-hand-side of Equation (A.41) would
require to differentiate the tensors e ® E 4 of a suitable tensor basis, thereby yielding a term,
obtained by differentiating e*, that does not cancel with the first summand of Equation (A.41).
Hence, Equation (A.41) would not be satisfied.

The situation just depicted occurs when the “fields” of the triplet (¢!, ¢% ¢3) acquire the
meaning of the components of the deformation, an object that has the mathematical meaning of an
embedding and, thus, that is not truly identifiable with a collection of genuine scalar fields. Indeed,
when (¢!, @2, ©?) is replaced by (¢!, 2, $?), the corresponding “gradient” is none other than F and,

more importantly, the quantity in (A.42) becomes (with a € {1,2,3} and A € {1,2,3})

Div[Q o (¢, X)] = Div[Q o (¢, X)), (A.43)

0P 4 0F,

which takes on the meaning of a fictitious first Piola-Kirchhoff stress tensor. The consequence of
this result is that the covariant divergence of the right-hand-side of Equation (A.43) does not cancel
with dDiv[Q o (¢, X)]/d¢*. This leads us to the conclusion, already stated by Maugin (1993, see
page 100), that Q should depend “at most” on X “and not on the fields”.

Since we consider a static problem, for which the body’s Lagrangian density function coincides
with the negative of its total energy density, following Hill (1951), we introduce the functions

Worg = Wopg © (¢, F,X) and Wyey = ¥ ew © (¢, F, X), and we reformulate the transformation (A.33)
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as
_Wnew © (¢’ F, x) = AO]d ° (¢7 F’ :X:) + Div Q’ (A44)

with Q = © o X. For the reasons outlined above, the divergence transformation (A.44) is such that
the overall energies S%d(qb) = [ Woua © (¢, F, X) and Y (o) = [p Waew © (¢, F, X) are stationary
for the same deformation ¢, which thus satisfies the same Euler-Lagrange equations. Indeed, since

Q is independent of ¢, it holds true that

awnew aWo
5o o(...)= a¢ljdo(...), (A.452)
aWneW a‘//Vo
T o(..)= anlz o(...), (A.45b)
0 Wold 0 Wold 0 Wnew 0 Wnew
) - )] = L) - )] =o. A45
o (= (G e () =T o= (e ) (A.d50)

After proving this property, we superimpose the transformations X — X = Y(X) = X + hU
and ¢(X) — ¢(X) = ¢(X) + hn(X) to the divergence transformation (A.44), and we require the
invariance of the overall energy under the resulting, global transformation (Hill, 1951). This yields

the equality

/D{[Wnew o (¢, F,X)] oY}det(TY) = /DWOld o(¢,F,X), (A.46)

=E0(3,Y) =£94(4,)

where 7Y is the tangent map of Y. By applying a “rescaled” divergence transformation to the

left-hand-side of Equation (A.46), i.e.,

Wnew o ((5’ F, X) = Wold (e} ((ﬁ_, F, :X:) — DlV(h Q), (A47)
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we obtain

/D {[Woa 0 (& F,20)] 0 Y - Div(h @) o Y} det(TY) = /D Woa o (6, F. X). (A48)

We remark that the smallness parameter #, which multiplies € in (A.47) and (A.48), has been
introduced in order to make the divergence transformation infinitesimal, as is the case for the
transformations on the material points and on the deformation.

By rearranging Equation (A.48), so as to separate the transformations on the material points

and on the deformation from the divergence transformation, we find
[ o 8.5, 0 Y1 detTY) = Wosa o (6.0} = [ [Di(h2) o Y1den . (a49)
By using the result reported in (3.103), at the first order in &, Equation (A.49) becomes
/D Div[€'U + PTw] = /D DivQ = /D Div[€'U + PTw - Q] =0, (A.50)

thereby implying that Noether’s current density is given by § = €7U + PTw — Q and that, after

localisation, the conservation laws should be sought for in the form
Div[€'U + PTw -Q] =0. (A.51)

The choice of € depends on the type of conservation law and on the associated class of symmetry
which one is interested in looking at.

Within the present context, Equation (A.51) constitutes the most general form of conservation
law pertaining to Noether’s current. This result, however, can be exploited in much deeper detail:
indeed, granted the Euler-Lagrange equations f + Div P = 0, if, for a given choice of the fields U,
w and Q, (A.51) is satisfied as an identity, then a specific physical quantity is conserved and the

fields are said to be symmetries.
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For the problem under investigation, Equation (A.51) can be recast in the equivalent form (Hill,

1951; Grillo et al., 2003, 2019)

Div[€'U + PTw — Q] = (DivE)U + € : Grad U + (DivP)w + P : Gradw — DivQ

=-U+€:GradU - fw+ P :Gradw - DivQ =0. (A.52)

If one is interested in looking at the conservation of linear momentum, one sets U = 0, Q = 0 and
w = wq, with w( being a uniform displacement field. In this case, Equation (A.52) is not satisfied.

Indeed, it occurs that

Div[¢'U + PTw — Q] = Div[PTwo] = —fwo # 0, (A.53)

which shows that linear momentum is not conserved because of the body forces f.

On the same footing, the presence of the inhomogeneity force, §, spoils the conservation of
the pseudo-momentum (Maugin, 1993), and this is reflected by the fact that uniform translations
of material points, hereafter denoted by U = Uy, are not symmetry transformations. This is

encompassed by Equation (A.52) by setting w = 0 and Q = 0, thereby obtaining

Div[€'U + PTw - Q] = -§ U, # 0. (A.54)

In fact, Hill (1951) presents several examples, from which we largely took inspiration, and, among
those, he shows that the only case in which € should be taken different from the null vector is
the case in which velocity transformations are applied, a situation referred to as the centre-of-mass

theorem.
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A.6 Derivative of the Determinant of the Material Isomorphism

Here, we calculate the derivative (Jp) p directly. Since P is a two-point tensor, like the deformation
gradient F, its determinant Jp = detP does not coincide with the determinant det[P!,] of its
representing matrix (Marsden and Hughes, 1983; Federico, 2015; Federico et al., 2016). Indeed,
in order to obtain the determinant of the two point tensor P(X) : A — TxB, we need to adjust
det[P!,] by using the coefficients of the volume forms of the archetype A = R3, and of the volume
form in the tangent bundle 7B of the body B. Let us assume that the volume forms are given
metrically, i.e., there is a metric tensor ¢ in the archetype (and this tensor is a single fixed value) and
a metric tensor G and in 7B (which is a tensor field on B). Then the expression of the determinant

of P reads (cf., e.g., (Marsden and Hughes, 1983))

1
Jp = det P = {[det[G,] det[P!,] ————. A.55
p =de et[Gs] det[P,] o] ( )

The partial derivative of Jp is evaluated as

~ ; Vdet[Gry]  det[Pl,] |, oo
(JP),B = (det[[P “]]),B \/det[[gaﬁ]]‘ + \/detﬂga/ﬁ]]‘ ( det[[G”]] ),B

\/m +l det[P',]
Vdet[oag] 2 vdet[aos]

= det[P',] (P PC, det[Gr;] G*€ Gacr (A.56)
which gives
Up)p = —Jp (rgB _LgAe GAC,B) . (A.57)

Using the identity (cf., e.g., (Marsden and Hughes, 1983))

Gacp = GpcKip + Gpa K2y, (A.58)
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where Kgc are the Christoffel symbols of the Levi-Civita connection associated with G, we obtain

(Jp)g =Jp [KEp —TEp] (A.59)

Since the difference of the Christoffel symbols of any two connections are the components of a

tensor (as shown, e.g., in Eq. (4.82)), we have that the expression in (4.84) is the B-component of

a true vector.
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