FIELDS OF BOUNDED DEFORMATION FOR MESOSCOPIC DISLOCATIONS

NICOLAS VAN GOETHEM

ABSTRACT. In this paper we discuss the consequences of the distributional approach to dislocations
in terms of the mathematical properties of the auxiliary model fields such as displacement and dis-
placement gradient which are obtained directly from the main model field here considered as the
linear strain. We show that these fields cannot be introduced rigourously without the introduction
of gauge fields, or equivalently, without cuts in the Riemann foliation associated to the dislocated
crystal. In a second step we show that the space of bounded deformations follows from the distribu-
tional approach in a natural way and discuss the reasons why it is adequate to model dislocations.
The case of dislocation clusters is also addressed, as it represents an important issue in industrial
crystal growth while from a mathematical point of view, peculiar phenomena might appear at the
set of accumulation points. The elastic-plastic decomposition of the strain within this approach is
also given a precise meaning.

1. INTRODUCTION

In linear thermoelasticity, it is usually said that strain (£*), displacement (u*) and rotation (w*)
become “infinitesimal”, and hence, that the reference and actual configurations coincide. In the
absence of defect lines, the strain is everywhere compatible and hence single-valued rotation and
displacement fields can be integrated from the strain field provided the domain be simply connected.
However, when disclinations or dislocations are present, rotation and displacement become multiple-
valued and hence, take their values on a domain called a Riemann foliation.

Let © be the actual configuration (the domain) and z := Q\ £ with £ the line defects, be the
domain without dislocations and disclinations. In general, a multivalued function from €, to RV
consists of a pair of single-valued mappings with appropriate properties:

R—Qr and R —R?,

where F' is the associated Riemann foliation [26,27]. In the present case of meso-scale elasticity, we
will limit ourselves to multivalued functions obtained by recursive line integration of single-valued
mappings defined on 2. Reducing these multiple line integrals to simple line integrals, the Riemann
foliation shows to be the set of equivalence classes of paths inside 2, from a given zy € Q, with
homotopy as equivalence relationship. In particular, mappings of the following kind exist:

Qp - RY R
where R := {(z, #I") for every = € Q, and every curve I joining z( to z, with #I" the equivalence
class of all curves homotopic to I' in Q,} while P is the projection of R onto €., in such a way that
P(x,#I') = .
The Riemann foliation can be univoquely associated to the actual configuration if cuts are in-

troduced in order to select one particular branch of the displacement and rotation. However, this
approach causes major theoretical difficulties and will not be used in the sequel.

For this reason the distributional approach was introducded in [26,27]. This approach does not
consider rotation and displacement as model variables, and does not need the prescription of a refer-
ence configuration. Instead, it is based on the strain, itself defined from (single-valued) well-defined
measurable quantities, namely the stress and the temperature distributions inside the body. The lin-
ear thermo-elasticity stress-strain-temperature relationship takes the following form (this assumption
being generally valid in single-crystal growth):

£ = (C)lo* + BH(T* — Tp), (1.1)

where o* denotes the stress field, (C*)~! and 8* stand for the 4th- and 2nd-order compliance and
thermal dilation tensors, and Tp is the reference temperature.
1
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Moreover, the main model field being the strain £*, the distributional approach consists in assuming
that £* has a locally integrable norm, which is consistent with the strain singularity as created by
dislocations and disclinations. Then, derivatives of £* are taken in the distributional sense, thereby
defining the Frank tensor Ow* := —&* x V, and the Burgers tensor 0b* := £&* + ((z — xo) x dw*),
which both are order-one distributions (in the sense of L. Schwartz [18]). It should be emphasized
that £* is not of square norm integrable, and hence the linear elastic energy might be unbounded.
This well-known observation raises the open problem of searching an appropriate (nonlinear, nonlocal)
constitutive law (an important step in this direction has been realized in [17]). We believe that an
adequate constitutive law should incorporate strain derivatives, as for instance the Frank or Burgers
tensors (see [21] for a discussion). It is remarkable that the strain curl appears instead of the strain
gradient (cf. for instance [15] for gradient-based models).

Having said that, it is clear that with a view to a general model, (1.1) is an unproper constitutive
law. It is nevertheless at the basis of our approach, but should here be considered as the definition of
the linear strain £*. For these reasons, the distributional approach is said to describe the geometry (or
statics) of dislocations and disclinations in single crystals. Dynamical and energetical aspects at the
mesoscale are for the moment beyond reach, though at the macroscale, dynamics is briefly addressed
in two publications [22,25].

Many other mathematical approaches to dislocations are based on the displacement (cf., e.g.,
[16,17]). In general, an isothermal stress-free and defect-free reference configuration is considered on
which the displacement is assumed of bounded deformation (in the sense of Temam and Strang [20]).
This functional space is assumed because of its convenient decomposition property (the so-called
BD decomposition theorem) of the symmetric part of the displacement gradient in a diffuse, norm-
integrable part an a concentrated part on the set of displacement jump points. Moreover, the displace-
ment jump is suitably identified with the Burgers vector, while the concentrated part of the strain is
denoted as the plastic part.

Many questions arise from this formalism:

(1) how can one prove the identification of the displacement jump with the Burgers vector, being
the latter classicaly defined as a uniform (i.e., constant for a given dislocation) line integral
around the dislocation loop [10,11,26]?

(2) working with the displacement and a prescribed reference configuration implies that a cut in
the Riemann foliation R has been implicitly assumed. Is this cut arbitrary or has it a physical
meaning? In the latter case, it should be incorporated into the model, in the former, it is
likely to generate gauge fields which in turn may have physical meaning.

(3) denoting the concentrated part as plastic, implicitely assumes that the diffuse part is elastic.
Is this justified by any kind of constitutive law? Instead, shouldn’t one assume that there
might exist both elastic and plastic diffuse effects?

(4) by appropriately defining the plastic process together with a stress- and defect-free interme-
diate! configuration, the multiplicative (or Lee) decomposition of the deformation gradient F
may nevertheless be such that the plastic strain be considered as purely concentrated. Then,
assuming the elastic strain as a purely diffuse field allows us to identify the concentrated term
of the BD decomposition with the plastic strain. The question raised by this procedure is
that the reference configuration as defined by F must not be stress- and defect-free, while
Vu := F — I might not correspond to the gradient of the assumed BD displacement (because
of an unspecified rotation). In addition Vu cannot be decomposed in an elastic and plastic
part, since obviously, no constitutive law for the rotation exists.

(5) assuming that the set of jump points ¥ of the BD displacement field has a physical meaning
would require to identify ¥ with (a subset of) the glide planes of the dislocation £. By
definition, this would hold if both £ and its Burgers vector would be contained in 3. In
particular, one should prove that the trace of the concentrated part of the strain vanishes,
which is equivalent to a condition on the divergence of the BD displacement(and hence,again,
on the chosen reference configuration).

The space of bounded deformation is probably the wright functional space to model dislocations.
However, the aim of this paper is to justify the introduction of BD functions as a consequence of a

ISometimes also called “plastic configuration“.
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more general approach to model defect lines at the mesoscopic scale. Our objective is to rigourously
introduce the physical and the mathematical concepts, and to emphasize their strong interrelation.

As a matter of fact, we start from the linear strain £*, which is a well-defined, measurable quantity
at the mesoscale, and which can be defined without appealing to any reference configuration. From
well-known strain expressions for rectilinear dislocations and disclinations [26] we cannot assume that
&* be more regular than L (2) with 1 < s < 2. This choice nonetheless allows us to define the strain
derivatives as distribution tensors. In particular the Frank tensor and the strain incompatibility are
defined and serve as the basis of our model. On the other hand, given the actual configuration 2
and a defect line £ (or a set of lines T), the dislocation and disclination density tensors (remark that
most of the available dislocation models are limited to scalar densities), are well-defined quantities
explicitely given by the line location, orientation, and their Burgers or Frank vectors. A first issue
was to relate the strain incompatibility to the defect densities. This has been completely answered
in [26] for a finite family of rectilinear lines, in [27] for a countable family of such lines, in [23] for a
finite family of skew lines, and in [24] for two kinds of planar dislocation loops?.

In this paper we start from the main result of [24], (cf. Theorem 2 at the end of §2) relating
strain incompatibility with the density of defects, namely with the so-called contortion tensor (this
tensor is related to the crystal intrinsic torsion, cf. [12,14,21]), disclination density, and with the
line curvature. From this result we show that appropriate completions of the Burgers and Frank
tensors (cf. §3) can be introduced to generalize the relations valid for rectilinear lines. These so-
called completed tensors are defined up to a gauge tensor field, which is nevertheless fixed (and its
explicit expression given) for a particular case of 3D loops without disclinations, denoted as a simple
dislocation loops in §2.1. In §4.14 we show that the distributional approach allows one to define a
single-valued distortion field, which corresponds to the known distortion from which the dislocation
theory is classically reported in the literature. In particular, its integral around £ provides the Burgers
vector (which in the distributional approach is merely defined from the single-valued strain and strain
curl in [26]). In §4.2, it is shown that this distortion is indeed the gradient of a single-valued field, so
far as general as a distribution vector. To this aim, one must introduce an arbitrary cut (related to
aforementioned cut in Riemann foliation) on which the distortion shows concentrated effects. For this
reason, another gauge vector field appears in the definition of the displacement. Eventually, in §5 we
show that the symmetric part of the displacement gradient (note that at this stage, the latter does
not coincide with the distortion introduced above) is a so-called Radon measure, and hence that the
displacement is in fact of bounded deformation. Extension of these results to a finite and a countable
family of loops, hence to dislocation clusters, including the peculiar phenomena at the accumulation
set of lines, are discussed in §6. Finaly, a discussion on the consequences of these results with a view
to the construction of general model is carried on in §6.3.

2. THE DISTRIBUTIONAL APPROACH AT THE MESOSCOPIC SCALE

The assumed open and connected domain is denoted by 2, the defect line(s) are indicated by £ C Q,
and Q stands for Q\ £. A family of lines will be denoted by T and is always assumed to be a closed
subset of , that is, the intersection of a closed subset of R? with €.

Remark 1. IfQ) g R3, the given topological definition of Y allows us to consider clusters of defects in
09, which also corresponds to actual observation in single crystal growth technology. Indeed consider
a sequence of {Ly}r € Q then its countable union is contained in U OS).

2.1. Preliminary results.

Notations 1. For a second-order tensor E, we introduce the left (resp. right) curl operator Vx

(resp. xV), i.e., (V x E)l-j = €0 By and® (E x V)ij = €10k Ey (otherwise written, (E x V)T =

—~V x ET), where ET denotes the transpose of E. Note that V x E might also be written as curl E.
The incompatibility tensor associated to the symmetric second-order tensor E writes as

inc E:=-VxExV=Vx(VxE)", (2.1)

2In the latter, the loop curvature is shown to play a role.
3This notation is preferred to the other as found in [22,23] with the opposite sign convention for the xV operator.
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i.e., written componentwise, (inc E);; = €ikm€jinOkO1 Emn.

In the sequel, we say that a symmetric tensor E,,, is compatible on U C Q if €xpm€1gnOp0qEmn

vanishes on U. Moreover, as soon as E € L}OC(Q,R3X3), the incompatibility of E, inc E is a distribu-
tion [18], that is, a linear and continous form on the space of test functions C2°(2).
Assumption 1 (3D elastic strain). Let £ C Q be a defect loop and let the elastic strain EF,, be a
given symmetric L7 (Q) N C®(Qz)-tensor compatible on Qp, with 1 < s < 2. In other words, the
incompatibility tensor, as defined by the distribution nf; := €xpm€ignOp0qEry,, vanishes everywhere on
Q.

Definition 1 (Frank and Burgers tensors). The Frank tensor Ow* is defined on the entire domain
as the following distribution: -
ow* := =" XV, (2.2)

>, in such a way that incompatibility writes as the following

. . 3 * o
that is, componentwise, Opmwj; = €kpqOpE s

symmetric distribution tensor:

N =inc E*=-V xE %XV, (2.3)
that is, componentwise, ng; = N = qpmapémw;. Moreover, for a selected xg € 1z, the Burgers
tensor is defined on the entire domain 2 as the distribution

O* = E* + ((x — o) x Ow*), (2.4)

that is, componentwise, as Obj(x) := E5(x) + expq(xp — Top)Ow} ().

Given g € g, the rotation wy, and displacement wf,, at zo, the multivalued rotation and dis-
placement vectors at = € () are defined as

wi(®) = it / Bt (€)dm, (2.5)

up(z) = ugp + €mwy (Tm — Tom) + /Fglbﬁf)dfl, (2.6)

where wy and uj, obviously depends on the path I' C €z from zy to x. It is well-known that w;j, and
uj, are single-valued fields if and only if the incompatibility n* vanishes. To render these two fields
single valued one can also introduce a cut in € in such a way that all path I" are equivalent. This
procedure introduces a jump set at the arbitrarily chosen cut, whose consequences must be carefully
discussed.

Single defect line, denoted by L, are in general either dislocations (translational defect) or disclina-
tions (rotational defect) (cf. [11] and [26] for detail) or have a combined dislocation and disclination
nature. Accordingly, we introduce the following concentrated distribution tensors.

Definition 2 (Defect densities and contortion).

DISCLINATION DENSITY: O =70 @0 (O] :=7Q0,) (2.7)
DISLOCATION DENSITY: A =76, ®B* (A} :=71B}dr)

* * I t * *x L * 15 * 2 9
MESOSCOPIC CONTORTION: RPi=al - gtra Kij = 0y = 50300 | (2.9)

where §y denotes the 1-dimensional Hausdorff measure concentrated on L, T the unit tangent vector
of L, and with the auxiliary defect density measure:

. (2.10)

* . AKX . o *
aij = Aij — Gjlm(xl l‘o[)@
where Tom 18 a point where rotation and Burgers fields are prescribed.

Typical disclination and dislocation loops are given in Figs. 1(a) and 1(b). We observe that the
lines are either close or end at the crystal boundary. In fact, the following classical theorem is proved
in, e.g. [11].

Theorem 1 (Conservation laws). Isolated defect lines are always closed or end at the boundary of ).

* 9 A*x . k. *
Moreover, @-@ij = 81Aij = 0 while Bzaij = €jmnO,-

Lemma 1. The tensor n* := —k* x V is symmetric.

Proof. The proof follows from Definition 2 and Theorem 1 by the simple computation of €;;m€;p,0p 17,
which shows to vanish identically.
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FIGURE 1. 1(a) Disclinations is a rotational defect, which is often present, although
rare, in crystals growing from the melt, ©University of Cambridge; 1(b) Spiral screw
dislocation in a crystal of silicon carbide ((IKZ, Berlin) Institute for Crystal Growth,
Germany);

2.2. General mesoscopic results for defect loops. In general, a dislocation curve is of mixed
screw-edge type. The type is determined by the scalar o(z) = 7;(z)B}: if & = 0 on L the curve is
a pure edge dislocation, whereas pure screw curves (i.e., s.t. @ = 1) which are not rectilinear do not
exist. The dislocation at z is of mixed screw-edge type as soon as 0 < a(x) < 1. The expression of
the strain and Frank tensors for these two kinds of dislocations and this kind of discliantion are given
for lines parallel to the z-axis for which the medium is assumed to be steady, body force free and
isothermal (detail is given in [10,26])*.

Let us introduce the classes of torsion-free dislocations which will be considered in this paper.

Definition 3 (Smooth defect loop). Let the dislocation and/or dislocation £ C Q be a loop homeo-
morphic to the circle such that its tangent vector T is almost everywhere Lipschitz continuous (and
hence the loop curvature exists and is bounded almost everywhere).

Precisely, the following assumption and lemma are required to prove Theorem 2 by extending the
proof of the result holding for rectilinear defects (see [26]) to defect loops.

Assumption 2. A smooth defect loop L is a simple® regqular and closed Lipschitz curve contained in
Q, that is, a curve satisfying the following requirements:
(1) an admissible defect-line L is parametrically described by a continuous mapping

i‘l[O,l]—>Q

where its restriction to the open interval 10, 1] takes its values in 2.

(2) the tangent vector T exists everywhere and is Lipschitz continuous in € [0, 1].

(3) if2;(t) = &;(t') thent =+t or {t,t'} = {0,1}. Moreover if {t,t'} = {0,1} then #;(0) = &;(1) €
Q and 7,(0) = 7,(1).

Assumption 2 allows one to define a tube surrounding the line £ € 2 whose normal sections do not
intersect.

Lemma 2. For every smooth defect L and for every & € L there exists 6 > 0 with § independent of
& such that the closed disks Ds(&) and Ds(&') for & # &' have an empty intersection.

Let v be the inward normal to the loop £ and introduce the normal vector ¢ := v x 7 in order to
define the right-handed orthonormal basis {0, v, 7} satisfying the usual Frenet’s formulae on £:
=y, Vv = —x1— (o, o' = (v, (2.11)

where x and ¢ denote the loop curvature and torsion, respectively.

4The explicit expressions given in [26] are not all identical to the classically reported ones [10]. However the difference
in the strain expressions are explicitely known up to a compatible strain tensor, as discussed in [26].

5“Simple” means that there are no distinct values of the length parameter other than the start- and endpoints whose
images may coincide on L.
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In the remaining of the paper the following abuse of notation will be tolerated: we will sometimes
denote by o, v, 7 their uniform extension in a neigbourhood of the line. In fact, the precise knowledge
of the neigbourhood and in particular its width and the exact expression of the cut-off function (which
must be smooth, with compact support, and take unit values in a neibourhood of £) has no importance
since o, v, T are nevertheless multiplied by concentrated fields on the line. So, eventually, only the value
of o, v, 7 on the line matters, even if the extension must be considered to give a rigourous meaning to
the products.

Assumption 3 (Mesoscopic nature of the Frank tensor). The Frank tensor —E* x V is a first-order
distribution assumed to be such that the projection p* := (=E* x V) 7 is a vector-valued Radon measure
in the sense of Ambrosio et al. [1] on Q, with a (vector) singular part ¢* and (vector) regular part
r*i=p"—c" € Ll(Q) such that the following quantities are purely concentrated on L:

¢, 7-Vxr* and V(r-1Y), (2.12)

with 7 indicating the tangent vector of L (here understood as multiplied by a unit cut-off function
around L).

Theorem 2 (Incompatibility of a smooth loop). Under Assumptions 1,2 & 3 and for a smooth loop
L satisfying Assumption 2, incompatibility is the following first-order symmetric tensor distribution:

. . 1
M = 0Cmn (E°) = | T ek, + TmTny (Bfok) x0r (2.13)
m+<>n
where the Einstein tensor reads
~ Tk 5k Tx
Men = Men = ~5 o> (2.14)
the Kroner’s tensor is defined by
Tx ~
with the symmetric tensor,
ﬁ;n = EkijaiH:Lﬁ (216)

where the defect contortion k* are given by Definition 2, and symbol A, means that sum of tensor
A,.n and its transposed A, is taken.

Remark 2. Theorem 2 has been proven in [23] for skew rectilinear dislocations and disclinations.
For dislocation loops we refer to [24] where (2.13) has been verified explicitely for planar (of mized
edge-screw type) and pure edge dislocation loops. Recall also that the symmetry of 7%, has been proved
in Lemma 1.

In the following we will use the notation B} := Bjoy and B} := Bjv.

3. THE COMPLETED FRANK AND BURGERS TENSORS FOR DISLOCATION LOOPS

Definition 4 (Planar defects). A planar defect L is a torsion-free (i.e., ¢ = 0) dislocation and/or
a disclination loop such that either the Burgers vector lies in the plane of the loop (the so-called
mized-type loop) or the Burgers vector is purely out-of-plane (the so-called pure edge dislocation).

We will also consider a particular class of 3D non-planar and torsion-free loops of mixed type

Definition 5 (Simple 3D defect). A simple 3D defect L is a torsion-free dislocation and/or dislocation
which is assumed to lie in the union of a finite number of parallel planes and skew segments. Moreover,
the associated Burgers vector lies in one of those planes, which is referred to as the “plane of the loop”.
Thus, x = 0 on the skew segments, i.e., in the portions of L not lying in planes not parallel to the
plane of the loop (where BX # 0), while BX =0 on the planes parallel to the plane of the loop. Hence
B*x =0 on a simple 3D defect L.

Remark that a mixed-type planar defect is a particular kind of simple 3D defect where the finite
number of planes reduces to the plane of the loop. Notice also that the Frank tensor can be arbitrary
in Definitions 4 & 5.
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*
planar

Ledge Lptanar

FIGURE 2. Left: pure edge dislocation loop. Right: the planar loop dislocation. The
out-of-plane normal ¢ is pointing downwards.

The following decomposition theorem will be used in the sequel. It is well-known that any smooth
vector field can be decomposed into a solenoidal and an irrotational part, and this property can be
easily extended to distributional fields. Similar decomposition of any symmetric tensor field into a
compatible and a solenoidal part will here be recalled (for a proof, we refer for instance to [8] or [27]).

Lemma 3 (Standard decomposition of a symmetric tensor). Any symmetric 2"%-order distribution
tensor £ can be decomposed into a compatible and a solenoidal symmetric part:

E=E°+¢&° (3.1)
with V. x £ x V =0 (compatible part) and V - E° =0 (solenoidal part).

Notations 2. For a second order tensor A, symbol A™ will denote the tensor A% := A — %tr A,
where subscript dx is chosen to remind that in 2D the operation consists in taking the deviatoric part

of A.
Lemma 4. FEq. (2.13) can be rewritten as

[Tﬂm (€mq1Oq ((Ew; - /{;l))d*} = |:Ti7'm (@;j - XBgégdmj)d*} o (3.2)

ij i

Proof. First step. Let fpn := 77y 3 (BE) x0z. From (2.13)-(2.15) we have

b = Tem T = Tk (TkTp (ﬁ;l + T_];l) + 77 (ﬁ;k + ﬁ;k)) T =27, (ﬁ;l + ﬁ;l) T, (3.3)
while obviously,
tr,n* = v = tren® = om0 = 0. (3.4)
On the other hand, it is easily computed by the definitions that
. _ 1
TiTmlmy = Tk (Nh; + ) + 5TiTi tron*
TiTmMg + TjTmlme = M + 7Ty tren™. (3.5)
Moreover we have the identity
1 1
TiTmMm; = TiTm (T]:nj - §5mj tr 77*) + 37iTi tr n*. (3.6)
Therefore, by (3.3) & (3.4), tr n* = tr;n*, and hence (3.5) & (3.6) and Notation 2 entail that
&
g = |77 () }H] (3.7)

Second step. By the identity (—XBgégémj)d* = %XBgégémj Eq. (2.13) rewrites by (3.7) as
Ny = {Tz‘Tm (n;zj)d*]ﬂ_)j = [TiTm (ﬁ:nj)d*:| + [TiTm (O, — XBaéﬁémj)d*} (3.8)

] ]
and hence by (2.14) & (2.15), (2.16), (2.1) & (2.2) (ie., ;= emqlaqgle*-) rewrites as (3.2). O
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Eq. (3.2) indicates that 5‘qw]*~ — K}, is a meaningfull quantity. Therefore, we recall the 2D expression
of the so-called completed Frank and Burgers tensors (as introduced in [26,27]).

Definition 6 (2D completed Frank and Burgers tensors). By Lemma 4, the completed Frank and
Burgers tensors of a planar defect loop L are defined as follows:

2D COMPLETED FRANK TENSOR: Ogwi = 04w; — Ky (3.9)
2D COMPLETED BURGERS TENSOR: 0qb; = &+ €jkp(Tr — Tok)Oqwy,- (3.10)
Corollary 1. By (3.2), (3.9) & (3.10) the following relations hold:
€ipgOpOqw; = OF + 07 — xB;dcdij, (3.11)
Eipqapaqbg*‘ = A;(j + €jpk(Tp — wop) (07, — xByocdix) (3.12)

where 0* is a trace-free distribution tensor of order 2 obtained by spanning the base tensors o ® o,V ®
V,oQU,rR®o,c@T and vV Q T.

Proof. Posing 0}; = €;pq0,04w; — OF; + xBodcdij, Eq. (3.2) rewrites as

dx
0= [TiTm (0r5) } T TiTmOm; + T TmOpi — TiTj0np
i3]
which implies that 6* is a trace-free tensor spanned by c ® o,V @ v, 0 R,V ® 0,0 @ T and v ® T.
Then (3.12) follows from (3.11) as a consequence of Definiton 2. O

At this stage, we consider a simple 3D dislocation loop, by which we mean a defect satisfying
Definition 5 with in addition Q* = 0, that is, we consider a simple dislocation £ in the absence of
disclinations and such that B}y = 0 almost everywhere on L.

For a simple dislocation, Corollary 1 and Eq. (3.9) entail that

0* =V x 0w* = curl 0w* =n* + k* X V, (3.13)
where as a consequence of tr §* =0 one has 0 = (v @ v+ 0 ®0) - (k* x V) (to check the detail, cf.
step 1 of the proof of Lemma 6)5.

The completed Frank and Burgers tensors must be redefined to generalize their 2D counterparts
of Definition 6. First observe that by Theorem 1 and Egs. (3.11) & (3.12) one has

81@); =0 = 819:} = 6j (XB;(S&) s (314)
8iA;*j = ejmn@:nn = 5jik0:k = _ejmn@:nn' (315)
Therefore ©* = 0 implies that 8 is symmetric and hence Lemma 3 entails that * = (Vw)S—V X p*xV

for some distribution tensors 1) and ¢*, with ¢* solenoidal. As a consequence inc 8* = inc (inc ¢*) =
AAp*, while in the absence of disclinations, Eq. (3.11) rewrites as

€ipgOp (0gw] — €mnOm@hn) = —XBoL0i; + (V)5 . (3.16)
This conduct us to the following definition.

Definition 7 (3D completed Frank and Burgers tensors). By Lemma 4, the completed Frank and
Burgers tensors of a simple dislocation loop L are defined as follows:

COMPLETED FRANK TENSOR: Oqwj = Oqwj — Kj, — (curl ), (3.17)
COMPLETED BURGERS TENSOR:  Ogbs = (" — "), T ((x —20) x (Ow* — curl 9*)), . (3.18)

where ©* is a symmetric solenoidal distributional solution of
AAp* = inc 0* = inc curl dw™. (3.19)
Remark 3. [t is immediately observed from the identity tr inc E = AAtr E—V - E -V that
tr p* =0, (3.20)
since 6% is trace-free and divergence-free for simple dislocation loops by (3.14).
6The latter can easily be verified by simple calculations since €00 (ri Bidz) = —0v BixSz + viv; Bixoe +

Ti By €jpgOp0c, while €5pq0p(diqT By 0c) = €ijpOp(Ti B d), where all terms vanish as multiplied by v;v; +0;0; (recalling
also that xBx = 0).



FIELDS OF BOUNDED DEFORMATION FOR MESOSCOPIC DISLOCATIONS 9

Definition 8 (Completed strain ). Let us define the completed strain as

COMPLETED STRAIN: E =& — o, (3.21)
where by Remark 3 tr £ = tr £*. Let us also define
5qwj = eﬂmalé,*nq. (3.22)

Remark 4 (A-priori regularity of the completed strain). Observe by (2.2) & (3.10) that curl dw* =
n* — k* X V has by Theorem 2 the same regularity as k* X V. On the other hand, since k* is a Radon
measure it belongs to H;,2(Q), whereby the RHS of (3.19) belongs to H;,5(Q). Then, by elliptic
reqularity results (28] one has ¢* € H, 1(Q), whereby Lemma 3 entails that ¢* = V x ¥ x V with
Ve HL.(Q) (cf. also, e.g., [19]).

By elliptic regularity results, it is however observed from (4.1) that ¢* € L7 (£2). This will be
proved in Lemma 6.
Recalling (2.2), (3.17) & (3.18) rewrite as

T

COMPLETED FRANK TENSOR: Oqw; = Oqwj — Kj, (3.23)
N Lx e O x > *

COMPLETED BURGERS TENSOR: 9505 = &yt ((w—w0) x Bgw™) (3.24)

recovering the exact counterpart of (3.9) & (3.10) with the complete strain instead of the strain.

4. FURTHER RESULTS FOR A SIMPLE 3D DISLOCATION LOOP

In this and the following sections we consider a simple 3D dislocation loop (i.e., with Q* = 0 and
BXx =0 a.e. on L, cf. Definition 5).

Remark 5. For a simple dislocation loop one has an explicit expression of the trace-free 0*, viz. (cf.
step 5 of the proof of Lemma 6)

05 = —(vioj + oiwv;)xn B dr, (4.1)

which shows the following: ¢*, solution of (3.19), which is also identified with a diffuse residual strain
in Definition 8 (see also §5), is a contribution to the total strain which is due to the curvature of the
line (recall that B}, never identically vanishes for any planar loop).

From the definitions of the 3D completed Frank and Burgers tensors, the aim of this section is to
show existence of single-valued distortion and displacement fields, and to prove that the displacement
is of bounded deformation.

4.1. Existence of a single-valued distortion for a simple dislocation.

Lemma 5 (Canonical relations for simple dislocations). For a simple dislocation, Eq. (3.11) & (3.12)
rewrites as

€ipgOpOqw; = 0, (4.2)
€ipgOpOgb; = A (4.3)
Proof. By (3.15), the skew-symmetric parts of ©* and #* mutually cancel and (3.11) rewrites as

1

* * 1 * *

Moreover, by Theorem 3, % (Q;j)iHj can be rewritten as eipqejklapawgl + % (05 + 051;) for some
distributions tensor ¢* and vector ¢. Then (3.11) & (3.12) rewrite as

* * 1 * 1 *
€ipaOp (00w — €a0kpyy) = 5 (0, + 5 (05 + 9j00:) — XBodi;. (4.5)
Taking the divergence on both sides of (4.5) entails that
* 1 *
0= Lo1(¥;) — 95 (xBydc) + iai@jh (4.6)
with the Lamé operator Ly ,(¢;) := pAy; + (X + 1) 0;0, 0y
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Moreover, since L is a simple dislocation, 2* = 0 and BXx = 0 almost everywhere on £, and hence
from (4.6) one has ¢ = 0 (recall that ¢ is given by convolution with the Kelvin matrix [2]). Thus,
(4.5) rewrites as

€ipqOp <5qw €gklak90ql) =0, (4.7)
with the solenoidal ¢* solution of —AAg* = inc 0* (in the sense of distributions, see [27] for detail),
thereby proving (4.2). In particular, by (3.15) & (4.4),

1
Gipqapaqw; = 5 (9:‘(]‘)1'(_)]- = 9;} = €ipq€jmnap6m§0gn~ (4-8)

y (3.12) and (4.4), and recalling that ¢}, = ¢j,, it is easily verified by part integration that
€51k (21 — 201) €ipg€rmn OpOm Ol = €ipgOp (€516 (21 — L01)€kmnOm ©in) + €ipgOp ey,
achieving the proof by (3.18). O

Thus, for a simple dislocation, according to Eq. (4.2) of Lemma 5, there exists a distribution vector

w;(s) satisfying

Omwi = O™ (4.9)

Specifically, w*(®) is the solution to
—Aw*®) = _V . fu*, (4.10)

with dw* given by (3.17). Remark that w* will be uniquely defined as soon as appropriate boundary
conditions are provided. Here the subscript (S) serves to emphasize that the field is single-valued.

Let us now introduce the 2" order “Bravais distortion” *, which we identify with the completed
Burgers tensor of Eq. (3.18) or (3.24)

BRAVAIS DISTORTION B* = ob* (By; = 0407), (4.11)
with 9b* given by (3.24) and which satisfies by (4.3),
VXxVxp*=—-(A-VV:)p* =V x A" (4.12)

The field 8* is called “distortion“ since by (2.8), (4.3) and (4.11), one formaly recovers the classical
formula (provided * € C(Qz))

B;:/ A3 dS; _/ By dq, (4.13)

where C' is a sectional loop with index 1 with respect to £ (that is, C' encloses £ ones and lies in a
plane perpendicular to £), and where S¢ is the planar surface enclosed by C' with normal vector 7.

Remark 6. From (4.13) one deduces that
p7(x) = O ((1/d(z, £)) (4.14)

where d denotes the Fuclidean distance. It is remarquable that this aymptotic behaviour is solely due
to the constraint (4.11) and not the any chosen constitutive behaviour (see also [17]).

4.2. Existence of a displacement of bounded deformation for planar dislocation loops. The
existence of a single-valued distortion field in the absence of disclinations has been justified above, but
so far there is no proof of existence of a single-valued displacement”. In this section we show that, for
a simple dislocation £, the Bravais distortion is indeed the gradient of a single-valued displacement
field here denoted by u*(%). This will show possible if a cut surface, that is, a smooth surface S € Q
supported by £ on one side and passing across {2, is introduced in order to avoid field multivaluedness.

The formalism of ”Functions of Bounded Deformations”, BD [20], and of “Special functions of
Bounded Deformations”, SBD [5], is by now classical in Mechanics and is not new in field of dislo-
cation modeling (see for instance [16]). However, to the knowledge of the author this formalism has

"For a discussion on field multivaluedness, we refer to [26].
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yet not been systematically considered for dislocations, and when it is, the SBD space is generally
postulated as appropriate for the displacement. Moreover, it is usualy considered that elastic/plastic
strain decomposition coincides with the mathematical diffuse/concentrated decomposition of the dis-
tributional derivative Du. Rather, there might be diffuse plastic and concentrated elastic strain
contributions. In the present paper, the SBD formalism appears as a natural consequence of another
“distributional “ formalism where multivalued fields, such as the rotation w*(%), displacement u*(5) or
even distortion $* are avoided in a first step [23,26]. Moreover the field regularity (and in particular
their concentration properties) appear in a subseqyent step, as the solution of PDEs.

We have just showed that in the absence of disclinations a distortion field could be rigourously
introduced, but this ”Bravais distortion “ however is not, so far, the gradient of displacement field. We
show in this section that provided the introduction of a cut surface S, the displacement field naturally
appears as a special function of bounded deformation. Although the case of one single line is natural,
the case of clusters is more envolved and appeals to compactness results in the class of BD functions.

Consider a simple dislocation loop £ and a tensor test-function ¢* (with compact support in Q).
By (4.3) & (4.11), and by Stokes theorem, one has

(€ipgOpByjs Pij) =< A?ja@fj > = < B;Ti‘sﬂa@fj >= B} /E SﬁijTidHl = B;/S EipqapSDij”qu2

L
= < B;nqégueipqapapij >= —Gipqap (B;nqégﬁ) y Pij >, (415)
where S; is a smooth closed surface enclosed by £ and n the inward unit normal vector to Sz5.

By (4.15) one has
5= —Bingds, + 0,07 (4.16)

aj

where W(%2) is an arbitrary vector distribution at this stage. Moreover by (3.21), (3.24), (4.9) and
(4.11), the Bravais distortion rewrites as

* * S *
i = Eqiteipi(Tp — xop)aqwl*( ) ©aj
— o (e _ R I I 4.17
= 04 | €jpi(zp — mop)w; T &5 T Wig Paj (4.17)
with the skew-symmetric wj*-és) = —equwl*(s). By (4.9), (4.15), (4.16) and (4.17), there exists a
distribution vector field u;(s),
DISPLACEMENT FIELD: u;(s) = \IIE-SE) — €jpi(Tp — xop)wl*(s), (4.18)
with w*(%) solution of (4.10), and such that
DISPLACEMENT GRADIENT: 6qu;(s) = Bings, + (S;‘j + w;-és) - gp&) ; (4.19)

where subscript (S) again means “single-valued” but also recalls that the field depends on the arbitrary
choice of the cut surface S = S,. In the sequel, u*(¥) will be considered as un unknown (instead of
the gauge \I!(SE)), which will be determined in an appropriate function space as soon as constitutive
and conservative laws are provided and with chosen boundary conditions.

Let us rewrite Eq. (4.19) as

5
DISPLACEMENT GRADIENT DECOMPOSITION: 8qu;( ) = I (4.20)
5
DIFFUSE DISTORTION: i = Egi — Puj T wj*.é ), (4.21)
CONCENTRATED DISTORTION: Py = Bingds,. (4.22)

Remark 7. Let us emphasize that p* is not an physical observable field, since it is not invariant by
change of admissible S .

Remark 8. If and only if there are no dislocations, one recovers the classical formula

vu*(s) — & _’_w*(S).

8Here and in the sequel symbol §g denotes the concentrated two-dimensional Hausdorff measure on S (dg = H%)
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Moreover, one has tr p* = 0 if and only if B* -n = 0, that is, if the dislocation is a conservative
planar defect (i.e., lying in Sp and with Burgers vector in Sr). Moreover, one also has tr (p*)° = 0.
Remark that the skew-symmetric part of p*, viz. wf = % (BJ*»nq — B;nj) 0s, is called the “plastic

ja
spin” [6].

Now, taking the symmetric part of (4.19), one defines

1 * 1

SYMMETRIC PART: 3 (é?quj(s) + ﬁju;(s)) = e (u*(s)) =&l — 05, + 3 (Bing + Bjn;) 044,23)
1 * * 1

SKEW-SYMMETRIC PART: 5 (aquj<5> — 8ju;(5)> = wil = wjés) +35 (Bing — Bin;) ds,. (4.24)

Remark 9. Observe that the displacement gradient symmetric part (4.23) is made of (i) a diffuse
elastic part £* (the linear elastic strain tensor), (ii) a diffuse “residual” part —¢*, (iii) a “plastic”
concentrated part. Moreover, the displacement gradient skew-symmetric part (4.24) is made of (i) a
diffuse part w*S) (the infinitesimal rotation tensor), (ii) a concentrated part w*F (the skew-symmetric
plastic spin).

The following definitions are made?:

Definition 9.

1
TOTAL COMPATIBLE STRAIN: &= 3 (Vu*(s) + u*(S)V) (4.25)
RESIDUAL STRAIN: ER = (4.26)
1
PLASTIC CONCENTRATED STRAIN: &P = 5 (B*®n+n® B*)ds,, (4.27)
PLASTIC STRAIN: et =g g (4.28)

where by “plastic strain” it is meant non linear-elastic strain.

Remark 10. [t should be noted that by the trace and divergence- free properties QfS*R (cf. Eqgs. (3.19)
and (3.20)), the residual strain is impactless on the equilibrium, i.e., =V - (C*€) = =V - (C*&*) = f
where f is the external body force, and C* the isotropic elasticity tensor. This justifies the term
“residual”.

In Definition 9, * is a solution of (3.19) which a priori belongs to H;,!(Q) (cf. Remark 4). More-
over, u*(%) = w(S8e) (z —x0) X w*(®) is a distribution depending on the arbitrary distribution ¥(52),

Eq. (4.23) can be rewritten as
TOTAL STRAIN DECOMPOSITION: T =g &P =8 1 &*, (4.29)
Remark from (4.29), (4.23) & (4.24) that
Tur®) = &5 T 4 T (4.30)

where £ and w*T have each elastic and plastic parts.
Moreover, it is observed from Remark 3 that tr £*% = 0, and hence tr £ = 0 if and only if
tr £ = B* -n = 0, that is, if S, is contained in the glide planes.

The linear elastic strain is defined from the stress o* by
& = (Co* + X (T* — Tp), (4.31)

where o* denotes the mesoscopic stress field, (C*)~! and 8* stand for the 4th- and 2nd-order meso-
scopic compliance and thermal dilation tensors, and T} is the reference temperature. Thus £*F is
the part of the strain wich represents mechanical properties which depart from the linear elasticity
assumption, also including diffuse and concentrated plastic effects. Moreover, £*F “ accomodates*
the linear strain in the sense that its incompatibility verifies by (4.23)

inc & = —inc £* = —n*.

9The notation Vu means V ® u while «V means v ® V.
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Let us emphasize that the aforementioned decomposition (4.29) has been made possible provided
we had shown first that there exists a displacement gradient (4.20), itself guaranteed as soon as a cut
surface S was introduced, in order to render any reference configuration unambiguously defined.

Definition 10 (Glide surface). The glide surface associated to a defect line L is a particular smooth
surface Gy C Q containing L and such that its tangent plane at L is spanned by 7° and B*~.

For a planar dislocation, G, coincides with the plane of the loop. For a pure edge dislocation, G is
the cylinder whose section is the loop. For rectilinear defects, the glide plane can be taken arbitrary
as any plane containg the line.

Definition 11 (Particular glide surface S2). A particular choice of Si in (4.15) (and hence in (4.27))
consists in taking the particular S = S7 contained in Go. For a planar dislocation, S} coincides with
the planof the loop, whereas for a pure edge dislocation, Sz is the closed surface made of the half
cylinder whose section is the loop and whose uper base is a subset of Q) (the half cylinder is chosen
on the side of L corresponding to its out-of-plane Burgers vector).

5. THE DISPLACEMENT FIELD IS OF BOUNDED DEFORMATION

It remains to observe that the functional space which naturally appears in the distributional ap-
proach and with simple dislocation loops is the set of functions of Bounded Deformation BD(2). Let
us start with a definition.

Definition 12 (Radon measures). A (tensor-valued) Radon measure pn € M(U) is a linear and
continuous functional on C.(U), the set of continuous functions with compact support in U. Moreover

for any Borel set A C U, p(A) is a set function such that (i) u(0) =0, (i) u(l_l Al = Zu(Ai) for

any collection of pairwise disjoint sets { A}, and (iii) p(K) is scalar- or tensor-valued (i.e., finite) as
soon as K C U is compact.

Let us emphasize that in mechanical terms, a field is an eztensive model variable if it is a Radon
measure. In particular condition (ii) of Definition 12 does not hold for a general distribution (and in
particular for the general £*F of §4.2 which is not a-priori more regular than the curl of a L? function.)

However, let us now prove that the residual strain £, or equivalently (*, is not a general order-one
distribution but a locally square integrable field. We would like to define our fields on an extension
domain  defined as follows. If Q = R3 then () = Q, whereas if Q2 ; R3 then Q is an open connected
subset of R3 such that Q g Q). The elastic strain and defect Adensities, and hence the 2D completed
Frank and Burgers tensors, and 6*, are suitably extended in 2\ €.

Lemma 6. For a simple dislocation loop, let ¢ be a distributional solution of AAp = inc 0* on Q.
Then ¢* € L? ().

loc

Proof. First step. From Lemma 1, we know that 77* is symmetric. Moreover, recall that as a
consequence of tr §* =0, one has tr 7* =7 ® 7-7*. In particular c ® 0 - 7* = —v ® v - 7*. To check
this, consider Theorem 2 and the proof of Lemmas 4, and compute in the local basis (7,0, v),

*_

. * o . a * k. *
0= €jpg0p0qw; = €jpgOp (aqwg ”jq)_njj €jpgOpkiq

. 1
QTme;I — equap@q = 27,7 (epijamfj — 6p126mnq8nﬁfnq> — ep,»jam;j
= 2Tpnemj8ml*j — 2(1pym + vpuy + 0p07) epijamfj = =2 (vpy; + 0p07) epijamfj.
Second step. Let us explicitely compute § = curl dw* = n* + k* x V. By Theorem 2 one has
componentwise, and by the properties of 77* as established in the first step,
. 1. . . 1. . -
9% = T (nzj - 25kj77;p> + 7Tk (7721' - 25km;p> — (1T + Vv + Uiak)n,:j.
=TTy, — Wiy + 0i00) i + (Tim + vive + 0401) Ty, TR T
= —TiTjlpy + TiTk T — (Vive + 0i01) Ty, (Vv + 0105)

= — (v + oion) 0y, (kv + ox0j) = (vivy — 0505) oxiigor — (vioj + oivg)okigv. (5.1)
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Third step. Let us now show that o;7;;0; and hence the first term on the RHS of (5.1) vanishes.
Recall that 77}, = €;pq0p(7iBj0r) — $€jpq0p(0iqmBfd,). Then, by considering the Frenet’s formulae
(i.e., Os7y = V4, 05y = —xTi,0s0; = 0, with 7;, 04, v; uniformly extended in a neigbourhood of
L), it can easily be verified that €;,,0,(7:B;0c) = —o;v; Byx0c + vjvi By X0 + 7B} €jpgOpd, while
€ipgOp(0iqT B o) = €ijp0p (1B} d), whereby all terms vanish as multiplied by o;0;.

We now consider the last term on the RHS of (5.1). Recalling that xBX = 0, we multiply the terms
—0viBy X0, TiBj€jpgOpdc and €jp0p(TiBydz) by o,v;, and observe that they all vanish except the
last one which rewrites as 7,0, (1B} 0.) = 0s(1iBfd). Moreover, multiplying the terms —o;v; By xd.,
7By €pqOp0r and €5,0, (11 B ) by o;v; yields the single term 9, (7,86 ), whereby the RHS of (5.1)
can be rewritten as

1 1
(9:-}- = —(I/in + UiVj)as (TlBl*(s[;) = 5(%% + O'iVj)XVlBl*éﬁ + g(ViO'j + Jil/j)TlBl*as(s[:. (52)

Fourth step. The last term of (5.2) vanishes. In fact, considering a test function 1;; one has
1 . 1 X
(5 iy + o) Bi 0s0c,4) = —{dz, 0s(5 (vio; + i) B ij)) = 0,
since L is a loop (i.e., the variation at the endpoints vanishes). Thus
05 = —(vioj + ow;)xnBi o, (5.3)

shows to be a concentrated Radon measure. Therefore 6* belongs to H;,2 (Q) (cf. Remark 4), whereby
inc 6* belongs to H l_oj(Q) Then, by elliptic regularity results [28] one has ¢* € L?, (). This achieves

the proof. O

Remark 11. If U is a bounded subset on with Lipschitz boundary, then ¢* € L?(U). In particular
if Q is bounded and Lipschitz then p* € L*(Q).

Theorem 3. The displacement field u*%) of Eq. (4.18) is of bounded deformation in Q.

Proof. Let us first recall that according to a famous theorem by Temam and Strang [20], a dis-
tribution field is in BD (and hence in L} ) if the symmetric part of its gradient is a Radon measure.

Consider Eq. (4.23). By Assumption 1, £* € L'(Q), while by Lemma 6 £*F € L} (U) on every
bounded subset U of . Thus £* + £*F is a Radon measure on €. Moreover, £* is obviously a

concentrated Radon measure on by its explicit expression (4.27), thereby achieving the proof. O

It is observed from (4.23) that the singular measure is here purely concentrated, whereby the
L*(Q)-displacement field ©*(%) belongs to a subset of BD(Q) known as the space of Special functions
of Bounded Deformation SBD(S) [1,5].

Remark 12. As a field of bounded deformation u*5) is allowed to exhibit jumps'® in Q. Recall that
w ) = WS — (1 — o) x W) with w*) solution of (4.10). As soon as the displacement u*(S) is
found (as a function of bounded deformation) the gauge field 5% is fized. Recall that the smooth
surface Sy could also be chosen ”arbitrarily “.

A crucial consequence of the dispacement field belonging to SBD(Q) space, is that the surface S,
cannot anymore be selected completely freely, since it was proved in, e.g., [5], that it must coincide
with the set of jump points ¥, of u*(%). Therefore, the concentrated plastic strain P is a physical
observable field. Moreover, by (4.27), the jump of w*%) on S, [u*()], is constant and equal to the
Burgers vector B** of £, while [u*(¥)] =0 in Q\ S¢.

Remark 13. The canonical choice Sy = S is not a consequence of the dispacement being in SBD().

Rather, it results from the postulate that the Burgers vector is restricted to lie in Y.

10A function is alllowed to have jumps, though that function is considered as single-valued, the latter term having
an instrinsic meaning at every x € Q2 which is distinct from having jumps [26,27].



FIELDS OF BOUNDED DEFORMATION FOR MESOSCOPIC DISLOCATIONS 15

6. RESULTS FOR A FAMILY OF DEFECT LINES

We would like to extend the results obtained and discussed above to a family T := {£*}, of defect
lines £*. Let us introduce

Definition 13 (Defect densities of a family of defect lines).

DISCLINATION DENSITY: CHIES E @z*f with @;f = Q;Edw (6.1)
Lex
PURE DISLOCATION DENSITY: A} = E Ai*f with Aff = B;L:aiﬁ (6.2)
LeY
. 1
CONTORTION: Ky o= E nff with nff = a?f - §af,fm5ij7 (6.3)
Lex

with the auziliary defect density measure:
a;‘f = A;‘f — €im (T — xOl)@;ﬁ, (6.4)
and where X, s a point where rotation and Burgers fields are prescribed independently of L.
Moreover, let us introduce

Definition 14.

ELASTIC STRAIN: g = Z Fo (6.5)
LeY

PLASTIC CONCENTRATED STRAIN: Er = Z EPE with  EPF .= (B*£ ® n)S(Ssu (6.6)
Lex

RESIDUAL STRAIN: ero= Z EXRE with EYRE .= —p*F (6.7)
LeT

where ©** is a solution of AAY** = inc 6*5 =V x ((v* ® X + oF @ vE)xvr - B 6,) x V.

Here subscript £ means that the quantity (tangent, Burgers or Frank vector, etc.) on which it is
appended is relative to the isolated line £ = £* € T, for some index k (limited or not).

6.1. Case of finite family of defect lines. The results of previous sections can immediately be
extended to a finite number Y of isolated lines £*. By isolated it is meant that £* N £7 = () whenever
i # j. In fact, finite sums of L! functions, of Radon measures, and of order-1 distributions are still
of the same functional type. Hence, Theorems 2 and 3 are straightforwardly extended to the finite
family T:= {ﬁk}lngK, (K S N*)

Let us first give the following result which holds for a finite number of planar defects or simple 3D
defect loops.

Theorem 4 (Incompatibility of a finite family of line defects). For a finite family of defect lines Y,

incompatibility writes in compact form as

. I
=Yt =inc(£) =-VxE& xV= [(ﬁ*ﬁ)d + QB;‘Xﬁaﬁ] : (6.8)
T

where, given the second-order tensor A, Av is the notation Ay = Z 2 ((TC ® Tﬁ) A)S.

LeT

As the generalization of Theorem 3 and from Definition 14, the following result holds true for finite
number of simple 3D dislocation loops.

Theorem 5. For a finite family of simple dislocations Y, one has
TOTAL COMPATIBLE STRAIN: T =VSu* = £+ &P 4 &R, (6.9)

where E*T .= (Vu*)® with the displacement field u* := Z W) of bounded deformation.
LeT
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6.2. Case of countable family of defect lines. Let us introduce the finite family £ := U ck,
1<k<K
(K € N*) and consider the case of a countable family YT := Klim L5 (also denoted by U L).
—00
LeY

Assumption 4 (Regularity of the cluster). It is assumed that Y is a closed subset of Q with finite H*
measure, that is, that Y is a rectifiable one-dimensional set (or a curve-like one set in the temrinology
of Falconer [7]) belonging to Q. Moreover it is assumed that H'-almost everywhere, Y has a Lipschitz
continous tangent vector, that is, that its curvature x exists H'-almost everywhere and is bounded.

The following Lemma proved in [25,27] illustrates the kind of result required if a countable, instead
of a finite family, is considered.

Lemma 7. Let 69, i € T C N, stand for the Dirac measure at &V € ly and Z CD6® be a Radon
ieT

measure on Q,, = QN {z = 29}. Then the sum of the weights C%) is locally absolutely convergent,

this meaning its absolute convergence on any bounded subset {i"(i),i €T’ CI} ofly.

Remark 14 (The difficulty dealing with a countable family of defects). As opposed to the finite case,
it is false to claim that a concentrated first-order distribution on a countable set is a sum of Dirac
masses and Dirac mass derivatives, as 1D counter-examples can show: the series F' = Z c® (HO —
iEN*
HD), with HD = H(z — @), 20 = 1/i, H* = H(x) and H the step function, may be L},
converging even if the sum of the weights C) diverges. To show this, it suffices to select suitable C'*)
such that the partial sums defining F are enclosed between the L}, . functions G(x) and —G(z), with
G(z) = log (1 + z) /z) for x > 0 and G(x) = 0 for x < 0. Then F € L}, in such a way that the
distributional derivative of F', which cannot be the diverging series — Z CDsD | exhibits a special
behaviour near the origin to recover convergence. Moreover, another diﬁlciec%lty arises from the different
kinds of convergence that could be required. For instance, Lemma 7 is false if a (coarser) distributional
convergence is considered.

The mathematical problem raised by the example of Remark 14 will appear if an arbitrary countable
family of simple 3D dislocation loops is considered. Peculiar concentration phenomena will appear
at accumulation sets, in the form of distributional terms which are not measures (and hence, are
not extensive quantities of the model). Moreover, since the loops are not restricted to by planar,
the geometry of the accumulation set might also cause mathematical difficulties. In particular, the
formalism of functions of bounded deformation would fail to be valid. To bypass this difficulty the
following postulate is made.

Postulate 1. It is assumed that there exists a finite family of glide planes G := {Gp tm<i<m in

such that T C U Gm. Moreover, the canonical choice of Remark 11 will be adopted, that s, given
1<1<M
LCY, wetake Sp = Sz C Gy, for some1 <m < M.

The following assumption will also be made.

Assumption 5 (Total Burgers vector). The total Burgers vector, as defined by B* := Z B*~ has
LCY
locally a finite norm, i.e., |B*|| < Z | B*|| < oo where U is an open and bounded subset of Q.
LCYNU

Remark 15. It is shown in [27] that Assumption 5 is in fact a consequence of the set of assumptions
on the strain curl, which are required to prove Theorem 4 for a countable family of lines (cf. [23,25]).

Let us now assume that €2 has a Lipschitz boundary and hence that £* can be continuously extended
in a neigbourhood of 02 while assumed of compact support in 2. Moreover, the completed Frank and
Burgers tensors, and 6*, are extendend by 0 on €\ Q.
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Referring to Kleinert [11], the explicit complete strain expression!® for a curve £ € Y (in a isotropic
elastic crystal in equilibrium with no external body forces, nor inertial effects) reads componentwise

o BiE B;-
g”[:(x) = yﬁuvr[ﬁjnlﬁvil}iﬁj -%L" T,f(l'/)au]./RdL(xl) + mﬁklr ﬁ Tf(x/)alajaleL(xl),(G10)
for every x, 2’ € () and with the notation R := ||z — 2’||. Integrating in a system of polar (spherical-

type) coordinates, it is observed that £*£ € L3(2) for 1 < s < 3/2.12

Therefore [ Z EEAV < CHY(T) Z | B**|| < oo by Assumption 5, by the hypothese H'(Y) <
@ rerx Ler
00, and with C is a positive constant independent of K. Thus {£*£} zey is equibounded in L*(2) with
1 < s < 3/2. The explicit expression (6.10) shows that is also equicontinuous in L*(2), and hence by
Riesz-Kolmogorov’s compactness theorem [4], for every bounded U C Q) and up to a subsequence,
E5(T):= lim Y &*eL*(U (6.11)

K—oo
LeLkK

strongly in L*(U) (1 < s < 3/2). Likewise, one also has (up to a non-relabeled subsequence),

e (T = Jim EGZL:K el e 12 (D), (6.12)
whereby we define
EX(YT) := EX(YT) — &*B(). (6.13)
From Postulate 1 and Assumption 5, compacity of the Radon measures again entails that
£7(T) = lim LEZL:K (B*: @n)” 6ss € M(U), (6.14)

(again up to a non-relabeled subsequence), where the uniform bound on H?(S2) is provided by the
assumed finite number of glide planes and the boundedness of U C Q.

Thus from (6.11)-(6.12), one deduce from the identity

V x (£ + E*2(Y)) x V =0, (6.15)
that there exist a distribution field u* := Klim wHE = Z w5 which belongs to SBD(U)
—00
eLK LeY

for every bounded U C €, and satisfies
Vou* = EF 4+ £P(T). (6.16)

Let now U be a bounded subset of { with a Lipschitz boundary, and 1 < s < 3/2. From the above
definitions and results we have the following uniform bound,

> (Il i) + 1“5y + €71 + H(S2))
LeLk

< ez + I1E 5 @) + [EP(DIU) + HA(T) < C < oo, (6.17)

for some C independent of K.
Therefore, it results from a compactness result in SBD(U) [3,5] that there exists a displacement
field (identified with «*) such that u* € SBD(U) and a rectifiable set ¥ C U defined as the jump set

HExpression (3.16) of [11] corresponds to our Eq. (4.20) since by Remark 10, V - (C€) =V - (CE*) = 0. Note also
that for a nonvanishing body force an extra impactless term should be added.

2Indeed £*£ can be integrated over Q by means of a system of polar (spherical-type) coordinates (R, s, ¥) with
s the abcissa of £ and with volume element dV := R2dRdsd¥. Then, since 8iR_1,8¢le = O(R™2), one has
Jo IE*E|IE (z)adV (z) = §,ds [T_d¥ [5° |E%||*(R, s, ¥)R2dR which is bounded if 1 < s < 3/2.
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of u* such that

Z w5y strongly in L}, .(U;R?) (6.18)
LeLnN
Z (EF) — &) = X(T) + E(Y)  weakly in L' (U; R**?) (6.19)
LeLnN
Yoot~ () weakly-x in  M(U;R¥P) (6.20)
LeLnN
2 : : 2 o
HA(B) < liminfH (ﬁg 52). (6.21)
c K

Remark 16. In particular if  is a bounded, Lipschitz and connected set, take U s.t. ) g Ucq.
Then X N 0 must not be empty. Recall that T N OQ must not be empty, since Y was assumed a
closed subset of Q. Thus the dislocations clustering at the crystal boundary (i.e., the accumulation
points belonging to 9S)) are identified with the jump points of u* in Q. Moreover, £*(Y) € L*(Q)
and E*7(T) € L3(Q).

As the generalization of Theorem 3, the following result holds true for countable number of simple
3D dislocation loops.

Theorem 6. Let U be a bounded subset of Q) with a Lipschitz boundary. For a countable family of
simple dislocations T, one has

TOTAL COMPATIBLE STRAIN: & = VS = EP(T) + EX4F(T), (6.22)

where £*T .= (Vu*)® with the displacement field u* := Z wS) of bounded deformation in U, with

LeT
EX4I(Y) defined by (6.19) and E*P(Y) given by

EP(Y) = ([u*] ® n)® 6. (6.23)

In particular, the BD formalism has permitted to fix all gauge fields (and surfaces) unambiguously,
therefore rendering the model fields physically as well as mathematically well defined.

6.3. Discussion. It appears from this compactness result that the diffuse part of the strain, £*# (),
cannot be qualified of elastic anymore. In particular it must not verify any constitutive relation with
the stress. Let us emphasize that the qualification plastic to denote £*P is also a nomenclature
postulate, since so far this term only appears as the concentrated part of the total strain. This
observation is also justified by the fact that £*¥%(T) is neither elastic nor plastic, while of course,
there is no way to set appart (with physical meaning) the displacement (or its gradient) in elastic and
plastic parts.
However, by observing that
£P(T) = lim (B* @n)” 5ss = ([u] @ n)® 8, (6.24)
K—oo
LeLk
with T = KlgnOo L cyc U S7 assumed as a subset of the glide plane family G, the term plastic to
LeY
denote the concentrated part £*P(T) could be justified by the fact that the plastic effects are known
to be due to the motion of the dislocations on their glide planes (which are always finitely many in
actual materials). However, we believe that as far as statics is concerned and since the diffuse strain
is not elastic, it is not physically justified to denote the concentrated part as plastic.

Moreover, from (6.24), we can define the Burgers vector at the accumulation set of the dislocation

lines'® as the jump of u*.

13%hich is a ”curve-like” set and which is of course is not isolated, whereby any classical definition of the Burgers
vector would fail to hold.
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Nevertheless, it is observed from (4.1) that tr £ = 0, and since the jump set has been assumed
as a subset of the glide planes in Postulate 1 one also has tr £ = B* - n = (0. Then,

g*P .= E*P _’_g*R

is trace-free and hence could be qualified as the plastic, or nonelastic, strain of the model, with a
concentrated part £*P and a diffuse part £*. In fact, in many model of plasticity (see, e.g., [6])
the plastic strain is assumed trace free, in the sense that plastic strains do not affect the density (no
changes in volume), but only appear as shear effects (as the creation of shear bands for instance). In
our model, the concentrated nonelastic strain is related to the presence of the glide planes on which
the dislocations lie and move, whereas the diffuse part is due to dislocation line curvature. It can also
be observed that the non-elastic diffuse part is not affected by the out-of-plane “skew“ edge segments.

As already mentioned, the search for the appropriate function space has allowed us to rigourously
define the model fields, both from a physical (through the notion of ”observability ¢ of a physical field)
and a mathematical point of view, since the gauge fields and surfaces have been fixed, while a precise
meaning has been given to dislocation clusters.

In particular, we have shown that the displacement gradient can be decomposed in several physi-
cally meaningfull ways, among which (i) an elastic/plastic decomposition (4.20), a symmetric/skew-
symmetric decomposition (4.30). Let us emphasize that (4.20) coincides to a diffuse/concentrated
decomposition, but this must not be a necessarily condition, since p* as well as p* + £*F are both
trace-free and hence could both be considered as plastic parts. It should also be stressed that the
importance of having at hand a well-defined displacement gradient, instead of its sole symmetric part,
is justified by the necessity of taking into account the plastic spin in dislocation models. Quoting
Gurtin in [9]: ”Unless the plastic spin is constrained to be zero, constitutive dependencies on the
Burgers tensor necessarily involve the infinitesimal plastic rotation“.

From the present work one can now address the issue of (i) the choice of the relevant model internal
variables, (ii) the appropriate constitutive laws (let us refer to [23] for a discussion). Some remarks
can already be made.

In [6] a time-dependent plasticity model is considered with a free energy of the type

\Ij(vuvpy curl b, ’Y) = \Ije(ge) + \Ilcurl( curl p) + \Iliso(’y)a (625)

with Vu = e + p, €. := e, and where Wi, represents isotropic hardening. Within our model, this
free energy would be written with ¢, = £* and p = p* or with ¢, = £* and p = p* — ©*, since by
Remark 3, tr p = 0. Other choices could also be made (for instance p = —f3*) since decompostion
(4.20) is not unique whereby the exact meaning of the plastic spin remains unclear (about this issue,
read also [13]). Moreover this second-order model is considered with the implicit assumption that e,
and curl p are square-integrable, which is certainly not verified in our distributional model.

In fact we should first consider a time-independent model with a free energy of the type
\il(e*a A*) = Wdcform.(e*) + Waefect (A*)7 (626)

where the energy is decomposed in a two terms involving the first-order deformation internal variable,
e* (with (e*)¥ = £*), and the first-order defect internal variable!® A* (or equivalently x*), respec-
tively. Moreover, by (4.3), (4.16) and & (4.17), it is observed that curl e* = curl f* = A* = — curl p*.
Thus there is a link with (6.25) but problem of minimizing (6.26) is hard to address because (i) it
explicitely takes into account the constraint curl e* = A*, (ii) e* is a multivalued field and A* a
Radon measure, (iii) e* is not square integrable. To address this problem, a convincing approach
using Cartesian currents has been proposed in [17]. Note that the stress is subsequently obtained by
computing o* = ¥ (e* . A*), while £ is provided by Eq. (1.1).

— Oe* min’

Work towards an answer to these open questions and further generalizations will be proposed in
future publications.

MFor the terminology, see [13,23]
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