
Journal of the Mechanics and Physics of Solids
49 (2001) 1969–1982

www.elsevier.com/locate/jmps

Homogenization method for a discrete-continuum
simulation of dislocation dynamics

C. Lemarchand, B. Devincre, L.P. Kubin ∗

LEM, CNRS-ONERA (OM), BP 72, 29 Av. de la Division Leclerc, 92322 Châtillon Cedex, France

Abstract

The question of the description of the elastic 2elds of dislocations and of the plastic strains
generated by their motion is central to the connection between dislocation-based and continuum
approaches of plasticity. In the present work, the homogenization of the elementary shears pro-
duced by dislocations is discussed within the frame of a discrete-continuum numerical model. In
the latter, a dislocation dynamics simulation is substituted for the constitutive form traditionally
used in 2nite element calculations. As an illustrative example of the discrete-continuum model,
the stress 2eld of single dislocations is obtained as a solution of the boundary value problem.
The hybrid code is also shown to account for size e7ects originating from line tension e7ects
and from stress concentrations at the tip of dislocation pile-ups. ? 2001 Elsevier Science Ltd.
All rights reserved.
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1. Introduction

In the last decade the traditional constitutive forms employed in continuum ap-
proaches of plasticity have been improved to include the slip geometry and, further, the
temporal evolution of spatially averaged dislocation densities (see for instance Estrin,
1996; Cuitiño and Ortiz, 1992; Tabourot et al., 1997). Although these formulations
may include characteristic lengths stemming from dislocation properties, their output
still has no length scale. More recently, new models have appeared that aim at de-
scribing size e7ects and non-uniform plastic >ow by incorporating non-local forms and
scaling lengths by di7erent methods and with various justi2cations (see, among others,
Aifantis, 1984; Fleck et al., 1994; Acharya and Bassani, 2000). As far as dislocation
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processes are concerned, these attempts are still missing dislocation properties that are
thought by metallurgists to be essential for a physically based description of plastic
>ow.
Simulations can be helpful to bypass these theoretical limitations and to provide

objective guidelines for the modeling of plastic deformation. Such numerical models
make use of a discrete description of the dislocation dynamics, combined with a 2nite
element (FE) calculation of the boundary value problem. Since a coupling is estab-
lished between discrete and continuum descriptions of plasticity, the question of the
homogenization of the properties of dislocations cannot be eluded. This point was 2rst
considered by Cleveringa et al. (1997a, b) in the case of a model composite material.
The 2-D method used by Cleveringa et al., as well as further 3-D models by Fivel
et al. (1998) and Fivel and Canova (1999), make use of the superposition principle.
The solution of the boundary value problem is obtained as the sum of two contribu-
tions. The 2rst represents the solution for dislocations in an unbounded continuum and
the other is the complementary elastic solution needed to satisfy equilibrium at external
and internal boundaries. The last contribution is computed by a FE code.
In the present work, we make use of a hybrid 3-D discrete-continuum model (DCM)

that includes within a FE code a mesoscopic dislocation dynamics (DD) simulation re-
placing the usual constitutive form. It is important to note that the DCM does not
make use of the superposition principle. Instead, it aims at computing equilibrium con-
ditions both inside the considered volume and at its external or internal interfaces. As
a consequence it is no longer necessary to make use of analytical expressions for the
dislocation self-stress 2elds. As will be shown below, the de2nitions of the local plas-
tic shears induced by the motion of individual dislocations and their homogenization
have then to be treated with great care. This problem actually stands at the core of the
connection between the two codes, since the plastic strains constitute the basic infor-
mation transmitted from the DD simulation to the FE simulation. The DCM is brie>y
described in Section 2 and the homogenization of the dislocation 2elds is discussed in
Section 3. This leads to the de2nition of an adequate homogenization dimension. Then,
the DCM is applied to the examination of the 2elds of single dislocation con2gurations.
To illustrate the fact that the DCM includes a length scale, it is applied in Section 5
to the study of two basic size e7ects stemming from the interactions of dislocations
with interfaces, respectively, the con2nement e7ect and the pile-up e7ect. Concluding
remarks are presented in Section 6.

2. The discrete-continuum model (DCM)

The DCM is composed of two coupled codes. On the one hand, a three-dimensional
DD code solves the dynamics and local reactions of discrete dislocation lines and
computes the plastic strain generated by dislocation glide. On the other hand, a FE
code computes the displacement 2eld that is solution of the boundary value problem,
making use of the plastic strain 2eld yielded by the DD simulation. Thus, the DD
code serves as a substitute for the constitutive form used in usual FE frameworks.
The coupling procedure, which is described below, involves two important steps. First,
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the stresses de2ned at the nodes of the FE mesh are calculated at the positions on
the dislocation lines where the dynamics is computed. Next, the discrete plastic shears
produced by the motion of dislocation segments are transformed into local strains and
transferred to the FE mesh. The 2rst operation is an interpolation procedure, whereas
the second one is a homogenization procedure.
The DD simulation used in the DCM calculations has been described in several

publications (Devincre, 1995; Devincre and Kubin, 1997; Kubin and Devincre, 1999).
For the present purposes, it is suFcient to mention that this mesoscopic simulation
code solves the equation of motion of dislocation segments whose line curvature is
discretized. In addition, this simulation includes a set of local rules that account for
the core properties of the dislocations, typically their stress vs. velocity relationship
and cross-slip properties, and for the contact reactions occurring when dislocations
cross each other. Quite generally, the main limitation of DD simulations stems from
the long-range character of the dislocation stress 2elds. Hence, the computation of
elastic interactions of dislocation segments, whose number increases with plastic strain,
is an O(N 2) problem. Although algorithms have been developed that can reduce this
computational task (cf. e.g. Verdier et al., 1998), the latter constitutes a bottleneck that
drastically restricts the dimension of the simulated volumes. In addition, numerically
eFcient formulations for the stress 2elds of dislocation segments are only available for
the case of an isotropic, in2nite medium. As a consequence, the boundary conditions
cannot be implemented rigorously. In practice, it is generally assumed that the loading
conditions induce uniform applied stresses inside the simulated volume. At the external
surfaces, strong approximations have to be made to account for the conditions of
mechanical equilibrium, both in the case of small single crystals and when periodic
boundary conditions are used.
The hybrid DCM method has been brie>y discussed by Lemarchand et al. (1999,

2000). It is based on a coupling between the DD code and a FE code (ZJeBuLon), each
code functioning with its own time step (typically 10−9 s for the DD code and 10−8 s
for the FE code). In short, the FE code is used to mesh the simulated volume and
periodically test the conditions of mechanical equilibrium. The FE part of the DCM
operates in a conventional manner except that, at simulation step n, the increments
of total deformation, ��tn, are computed simultaneously at all the Gauss points of the
FE mesh. From the plastic strain solutions at the last DD step, �pn−1, the stresses at
step n are de2ned at the Gauss points using an explicit scheme:

�n = C(�tn − �pn−1); (1)

where C is the tensor of elastic moduli. Note that knowledge of stresses everywhere
in the FE mesh is necessary at the beginning of each time step because the latter serve
as input for solving the dynamics of the dislocation in the discrete part of the model.
More precisely, the stresses at the Gauss points of the FE mesh are interpolated to
the midpoint of the dislocation segments, where the Peach–Koehler force has to be
de2ned to solve dislocation motion. Once this force is estimated on all the dislocation
segments, one plastic step is performed by the mesoscopic code.
The stress interpolation procedure is split into two sub-steps. First, the stresses

de2ned at the Gauss points are transformed into nodal stresses by making use of
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pseudo-inverse functions, i.e., inverse functions of the shape functions that are asso-
ciated with the type of element used in the FE mesh. Such nodal stress values are
common to several neighboring elements. Hence, to avoid stress jumps when a dis-
location segment crosses the boundary of a mesh element, an average stress value is
de2ned at each node. The second step consists of interpolating these stresses on the
dislocation segments, making use of the set of polynomial forms associated with the
type of element used to mesh the simulated continuum. Of course, the quality of this
interpolation is directly related to the >exibility o7ered by this set in terms of number
and order of the polynomials. For this reason, it is preferable to make use of mesh
elements containing a large number of nodes.
The above stress 2eld interpolation allows performing DD steps. During the latter,

the motion of the dislocation segments produces discrete shears in a 2nite number of
glide planes. These discrete strains have to be somehow transferred at the Gauss points
to de2ne the plastic strain that will serve as input for the next FE step. This important
homogenization procedure will be discussed in detail in the next section. When �pn is
known, the conditions of mechanical equilibrium are tested with the FE code and, if
necessary, the whole procedure described above is iterated until a prescribed level of
convergence is met. The number of iterations needed at each step of DCM depends
on the complexity of the investigated con2guration, on the amplitude of the time or
deformation increment tested and the type of FE mesh element used. As an example,
the number of iterations performed in the illustrations shown below is always smaller
than 2ve.
Although the DCM procedure includes some technicalities, it is transparent in phys-

ical terms. In contrast with the traditional constitutive formulations, the present model
incorporates, at least in principle, all the defect properties needed for a physical descrip-
tion of plastic properties, including the relevant microstructural length scales. Further,
the stress 2elds of the dislocation segments is no longer an input property of the DD
code, as it is part of the global solution of the boundary value problem. Thus, the
computation of the stress on dislocation segments being interpolated from a constant
number of nodes, the calculation of the dislocation–dislocation elastic interaction is
no longer an O(N 2) problem. Finally, one may notice that taking into account the
long-range character of the dislocation 2elds is somehow equivalent to making use of
a non-local constitutive form. The DCM has, however, limitations of its own, as will
be discussed in the concluding part.

3. Homogenization procedure

Before coming to the homogenization process, it is necessary to describe how the
initial con2gurations are constructed. By de2nition, dislocations are the defects that
ensure the compatibility between slipped and non-slipped areas in a crystal. Quite
generally, their stress 2eld can be calculated via a Volterra-like process, as discussed by
Mura (1993). This process consists of introducing a dislocation line from the external
surface and moving it in position by glide (cf. Fig. 1). The initial conditions for a
deformation step in the DCM, including the 2rst step, are implemented in the same
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Fig. 1. Introduction of a dislocation line in the DCM, here a screw of Burgers vector [1 0 0], by a Mura
process.

Fig. 2. Schematic view of the sheared volume associated with dislocation glide. The hatched areas represent
the portions of the sheared volume enclosed within successive volume elements of the Gauss points in the
FE mesh.

manner. Hence, the stress 2eld of a dislocation is not derived from the actual position
of its line but from the slipped area due to its previous motion. This elementary
dislocation slip, whose direction and amplitude is given by the Burgers vector b, is
physically localized in one crystallographic slip plane and bounded by a singularity
at the dislocation line. As it is, such a con2guration is not suited for a continuum
calculation and has to be homogenized.
The homogenization procedure is based on the concept of local average and can

be decomposed into two steps. First, it is assumed that the elementary slip events
associated with the motion of dislocations in their glide plane can be extended over a
slab of 2nite thickness h (cf. Fig. 2). This is formally equivalent to replacing the real
dislocations by a continuum distribution of parallel in2nitesimal dislocations moving
along a thin ribbon normal to the glide plane. Such distributions reproduce well the
elastic 2elds of real dislocations outside the sheared volume (Kroupa, 1994; Saada and
Shi, 1995). It was shown by Eshelby (1966) that this procedure is formally equivalent
to replacing the dislocation line by a disclination dipole of height h. The second step



1974 C. Lemarchand et al. / J. Mech. Phys. Solids 49 (2001) 1969–1982

consists in redistributing these homogenized amounts of slip, which are now tensorial
plastic shears, at the Gauss points of the FE mesh. This is performed with the help of
Orowan’s law. De2ning by Q
i; sn the plastic shear increment produced in the elementary
volume VG associated to each Gauss point by a dislocation segment (i) belonging to
the slip system (s) of Burgers vector bs, we have

|Q
i; sn |=
(|bi|=h)QVs

VG
; (2)

where QVs is the volume of the intersection between the sheared slab and the elemen-
tary volume, VG (cf. Fig. 2). Then, the increment of total plastic strain measured at
the Gauss points is the sum of the contributions from all the dislocation segments on
all the active slip systems that intersect their elementary volume:

Q�pn =
∑

s

∑

i

|Q
i; sn |(‘s ⊗ ns)sym ; (3)

each slip system s being de2ned by its unit shear direction ‘s = bs=|bs| and the unit
normal ns to its glide plane.
The question of the dimension of the homogenization parameter, h, is a key point.

Indeed, increasing the value of h induces a progressive smearing out of the dislocation
elementary slip and, therefore, leads to increasing inaccuracies in the calculation of the
elastic stress and strain 2elds close to the dislocation line. The optimum solution then
consists in selecting the smallest value compatible with the type of elements used and
the crystallography of the considered material. This point can be discussed from Fig. 3
where calculations of the homogenized plastic shear strain are shown for a dislocation
gliding in a {1 0 0} slip plane and in a plane of arbitrary orientation with respect to
the FE mesh. The orientation selected here, {0 1 2}, is a rather unlikely one, but is
well suited for illustrating the in>uence of slip geometry.
The homogenization parameter is 2rst set to the value h= b, in order to reproduce

the shearing of a single atomic plane. As shown in Fig. 3a, a uniform homogenized
shear is recorded at the Gauss points, the {1 0 0} slip plane being parallel to the rows
of Gauss points. In contrast, with a slip plane non-parallel to the FE mesh, neighboring
volume elements can see very di7erent homogenized shears (cf. Fig. 2, above). This
considerably disturbs the FE solution, as can be seen from Fig. 3b where a periodic
succession of small and large shears is obtained. By increasing the homogenization
height (cf. Fig. 3c), a uniform plastic shear is again obtained. A typical value of h that
scales with the dimension L of the mesh elements (here h=3L=2, see below for further
discussion), was found to lead to correct results for all the tested slip geometries.
Another important technical point resides in the selection of the most suited type

of mesh element. In agreement with the standard FE framework (Bathe, 1996), it was
found that elements leading to reduced order numerical integration should be preferred.
Indeed, such elements avoid overestimating the structural sti7ness arising from the
meshing procedure. For this reason, quadratic elements with 20 nodes and 8 G points
have been used in most of the present calculations.
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Fig. 3. Isovalues of the plastic strain at the Gauss points due to the motion of a screw dislocation of Burgers
vector [1 0 0] during the process shown in Fig. 1. The linear dimension of the simulation cube is 15 �m.
The FE mesh is made up of 123 = 1728 cubic elements of dimension L with 20 modes and 8 G points.
(a) (0 0 1) slip plane with a homogenization height h = b. The distance between the rows of Gauss points
being L=2, a uniform shear is obtained over a slab of thickness L=2. (b) (0 1 2) slip plane with h = b. The
homogenized shear is no longer uniform. (c) (0 1 2) slip plane with h = 3L=2 = 3676b. The homogenized
shear is uniform.

4. Stress #eld of single dislocations

Results obtained with the homogenization procedure de2ned above are illustrated in
the case of single edge and screw dislocations in a crystal of 2nite dimension. The
dislocations are introduced from the side of the crystal of linear dimension 15 �m and
brought to the center of the crystal. The FE computations are performed in the same
conditions as those of Fig. 3a.
The computed displacement 2elds at equilibrium are illustrated in Figs. 4a and b

by their component parallel to the Burgers vector. This component is magni2ed by
a factor of 3000, which allows recognizing easily known features such as, for the
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Fig. 4. Isovalues of the component of the displacement 2eld parallel to the Burgers vector superimposed
to the deformed crystal for (a) a screw dislocation of Burgers vector [1 0 0] gliding in a (0 0 1) plane,
(b) an edge dislocation of line direction [1 0 0] and Burgers vector [0 1 0] gliding in a (0 0 1) plane. The
displacements are magni2ed by a factor of 3000 for better visualization (the gray scale goes from white to
black for displacement going from 0 to b).

screw dislocation, the transformation of the (1 0 0) planes into a helicoidal surface (cf.
Fig. 4a). These computations were performed within an elastically isotropic frame,
in order to facilitate comparisons with the classical elastic solution, taking copper
(�=42 GPa; �=0:33) as a model material. In Fig. 5, the computed stress component
�13 of the screw dislocation is plotted as a function of the radial distance d to the
line. It is compared to the analytical solution for a single dislocation bounded by four
image dislocations, which provides a 2rst order approximation for the exact solution.
At distances d¿L, the agreement is excellent. One can see that, in conformity with
the discussion of the homogenization procedure given in Section 3, the dislocation core
is extended and the elastic singularity is smeared out by the interpolation procedure.
Thus, at approach distances smaller than the dimension of a FE mesh, the interpolation
procedure fails to yield the correct stress value.
For the stress 2eld of the edge dislocation, the computation was performed using

anisotropic elastic coeFcients of cubic symmetry, still in the case of copper (C11 =
166:1 GPa; C12 = 119:5 GPa; C44 = 151:2 GPa), the anisotropy coeFcient of which
is A = 3:21. Isovalues of the non-zero components of the stress tensor are shown in
Fig. 6. These results do not strongly di7er from the isotropic solutions. Far from the
surface of the simulated crystal and for distances to the line larger than the mesh
dimension, they also fully agree with the rather complex solutions yielded by the
elastic theory of dislocations.

5. Length scales and size e'ects

A dislocation line blocked under stress between two obstacles separated by a distance
‘ bows out and further recovers its mobility when a critical resolved stress value �c is
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Fig. 5. The radial stress component of a [1 0 0] screw dislocation, �13, as measured at the Gauss points (data
points), vs. the distance d to the dislocation line. The full line shows a 2rst order theoretical solution for
a screw dislocation in the same bounded medium. The dotted line shows the stress values calculated from
nodal averaged values. The homogenization distance h = L=2 is indicated by a horizontal bar.

reached locally. In isotropic elasticity and within the approximation of the local line
tension one has

�c = 2�
�
b‘

≈ 2�
�b
‘
; (4)

where �≈ �b2 is the line tension of the dislocation and � a parameter that quanti2es
the strength of the obstacle (� 6 1). Eq. (4) applies to many di7erent situations,
depending on the nature of the obstacle, and leads to simple scaling relations. When
the average length of the dislocation lines, ‘, is governed by one specimen dimension,
a size e7ect arises. Measuring the critical stresses for such e7ects is a benchmark for
DD simulations (GJomez-GarcJSa et al., 1999). A check of these scaling relations and
size e7ects has been performed with the help of the DCM. The line tension properties
of dislocations are incorporated into the DD part of the hybrid code, in a form more
sophisticated than that of Eq. (4) but still within the local line tension formulation (see
GJomez-GarcJSa et al. (1999) for more detail). An additional non-local contribution arises
from the elastic interactions of the segments used to discretize a curved dislocation line.
This contribution is computed by the FE part of the DCM code.
We consider 2rst the critical stress, �FR for the operation of a Frank–Read source.

In such a case, the obstacles to dislocation motion are strong ones and � ≈ 1 in
Eq. (4). The non-local contribution typically is of the order of 0.1–0:15�FR for segment
lengths in the micrometer range (Devincre and Condat, 1992). In order to reproduce
exactly this critical stress, the FE mesh must be small enough so that details of the line
curvature can be taken into account. This concerns, in particular, the elastic interactions
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Fig. 6. Same edge dislocation as in Fig. 4b. Isovalues for the non-zero components of the stress tensor. Close
to the dislocation line, the isostress values are too dense to be drawn.

of the di7erent segments describing the bowed out line. As a result, the mesh dimension
L has to be adjusted to the considered con2guration. In the present case, it was checked
that for a dislocation source of initial length ‘, the expected value of the Frank–Read
stress is exactly reproduced provided that L6 ‘=4. For instance, for a source of initial
length 0:1 �m in copper, the DCM yields �FR=106 MPa, to be compared with the value
yielded by the DD simulation, �FR = 104 MPa. The small di7erence can be attributed
to the boundary conditions: the DD code makes use of the dislocation 2elds in in2nite
media, whereas a single crystal of linear dimension 0:3 �m was simulated using the
DCM. This adaptation of the meshing to the con2guration investigated is intrinsic to
the coupled DCM and stems from the nature of the homogenization process. Indeed, the
proper description of any intrinsic length scale, here the initial length of the dislocation
source, requires an adequate re2nement of the FE mesh.
A con2nement size e7ect is observed in thin channels, when the distance between

two parallel and impenetrable boundaries limit the lateral expansion of the dislocation
loops, and in free-standing epitaxial layers. This last case is illustrated by Fig. 7,
which shows the critical stress for the motion of an edge dislocation as a function of
the thickness H of the layer. The dislocation has the same crystallographic features as
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Fig. 7. Critical stress (in reduced units) for the motion of an edge dislocation in a free-standing 2lm deposited
on a substrate vs. the reduced 2lm thickness H=b. The slip plane of the dislocation is perpendicular to the
interface. The data shown include: (�) Values obtained using the DCM. The thin foil is meshed with
15 × 15 × 5 elements. It rests on a substrate of the same material meshed with 15 × 15 × 2 elements.
(◦) Values obtained with the DD code for a capped layer of thickness 2H (GJomez-GarcJSa et al., 1999).
( ) Other simulated values for a capped layer, replotted from Schwarz and Tersov (1996). The full line is
drawn as a guide to the eye.

in the previous section and the interface is a (0 0 1) plane, perpendicular to the slip
plane of the segment. This simpli2ed geometry allows performing comparisons with
other estimates reported in the literature (cf. Fig. 7). Indeed, in such a con2guration,
the boundary conditions at the free surface are such that the critical stress should be
nearly the same as that for a capped layer of thickness 2H (corresponding to 2H ≈ ‘
and � ≈ 1 in Eq. (4)). Such con2nement e7ects become complex with more realistic
geometrical con2gurations and when additional internal stresses, like mis2t and elastic
incompatibility stresses, are taken into account (Lemarchand et al., 2000).
The piling-up of dislocations against an impenetrable grain boundary induces another

type of size e7ect, the dependence of the yield stress of a polycrystal on the inverse
square root of the grain size, i.e., the well-known Hall–Petch law. This dependence
can be modeled in terms of dislocation pile-ups (Friedel, 1964). The number n of
dislocations that can pile-up in a grain of diameter d is proportional to d and to the
resolved applied stress �a: n˙ d�a. By an argument of virtual work, it is possible to
show that the tip of the pile-up exerts a stress �p = n�a at the boundary. When this
stress concentration reaches a critical value �p = �g, where �g is a material constant,
plastic strain is transmitted from one plastically active grain to neighboring inactive
grains. Since �g ˙ d�2a , it follows that �a ˙ d−1=2.
A check of the pile-up con2guration leading to these stress concentration e7ects has

been performed and is brie>y sketched here. Five straight edge dislocations of same
Burgers vector [0 1 0] and line direction [1 0 0] were introduced under stress in the
(0 0 1) central slip plane of a simulated copper crystal. In this plane, an impenetrable
wall has been introduced in order to block dislocation motion. The model crystal, of
dimension 2:6× 15× 15 �m3, was strained with a constant displacement rate until the
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Fig. 8. Simulation of a dislocation pile-up using the MDC. (100) views, perpendicular to the dislocation
lines. The trace of the (0 0 1) slip plane is horizontal. Top: The dislocation 1, at the tip of the pile-up is
blocked against an impenetrable wall. The total length of the pile-up is 5:6 �m. Bottom: Isovalues of the
resolved stress 2eld in the (100) plane, showing the stress concentration on dislocation 1. Only a portion of
the simulated crystal is shown.

dislocations reached an equilibrium con2guration with a prescribed total pile-up length
(d = 5:6 �m in Fig. 8). The dimension of the mesh elements along the direction of
motion of the dislocations was adjusted to be of same order as the expected smallest
approach distance of the 2rst two dislocations at the tip of the pile-up (0:38 �m).
The simulated con2guration and the resolved stress in the (0 0 1) central plane normal

to the dislocation lines are shown in Fig. 8. This con2guration was compared to a
theoretical con2guration computed for in2nite dislocation lines in an in2nite crystal.
For this purpose one has to solve 2ve equilibrium conditions for the dislocation lines,
taking into account that the sum of the dislocation spacings is d, the pile-up length.
This yields 6 unknown quantities, viz., 4 dislocation spacings, the applied stress �a
and a reaction −�p from the wall on the leading dislocation at the pile-up tip. The
computed and simulated solutions are in fair agreement. For instance, the MDC yields
�p = 12:3 MPa, whereas �p = 12:53 MPa for the computed solution, and the distance
between the 2rst two dislocations in the pile-up is the same in both cases (0:38 �m).
Thus, the adaptation of the mesh element dimension to the smallest spacing between
dislocations again ensures the quality of the result. As the piled-up con2gurations are
well reproduced, this leads to the possibility of simulating the Hall–Petch behavior of
small grain aggregates.
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6. Concluding remarks

The discrete-continuum method described here solves equilibrium and compatibility
conditions in a dislocated material containing interfaces and=or under complex loading.
Its main advantage is that it does not make use of analytical forms for the displace-
ment 2elds of the dislocation segments, nor involves an O(N 2) computation of their
pair elastic interactions. In the DCM, one only has to estimate the amount of shear
associated with dislocation motion, which is a measure of the local plastic strain. As
dislocation-related length scales are underlying the continuum frame, a proper treatment
of the elastic properties of the dislocation lines and of size e7ects can be carried out.
In physical terms, the most fundamental of these length scales is the Burgers vector
of the dislocations.
The price to pay for these advantages, is that one has to treat and homogenize

singularities inside the simulated volume. In the present state of the DCM, it is not
possible to have a correct treatment of more than one dislocation per mesh element,
due to the breakdown of the interpolation procedure at short distance. In the examples
presented in the previous section, the mesh size has then to be re2ned down to a value
that is typically the smallest distance between interacting segments. This introduces
a drastic limitation to the dimension of the simulated con2gurations. Reintroducing
into the mesoscopic component of the hybrid code the explicit dislocation–dislocation
interactions at short distance (smaller than the linear dimension of a mesh element) is
obviously the next step to be performed.
Finally, one may divide the range of application of dislocation dynamics simulations

into three sub-domains. Simple DD simulations are reasonably suited for the study of
dislocation microstructures and strain hardening in single crystals. Hybrid simulations
like the DCM seem to be restricted to the simulation of plastic properties in submicronic
con2gurations that do not involve large numbers of dislocations (although the density
can be very high). Large scale studies on representative volumes of structural materials
containing internal interfaces appear to be out of reach for the moment.
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