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Local density approximation for the energy functional of three-dimensional dislocation systems
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The elastic energy functional of a system of discrete dislocation lines is well known from dislocation theory.
In this paper, we demonstrate how the discrete functional can be used to systematically derive approximations
which express the elastic energy in terms of dislocation densitylike variables which average over the discrete
dislocation configurations and represent the dislocation system on scales above the spacing of the individual
dislocation lines. We study the simple case of two-dimensional systems of straight dislocation lines before we
proceed to derive energy functionals for systems of three-dimensionally curved dislocation lines pertaining to a
single as well as to multiple slip systems. We then illustrate several applications of the theory including Debye
screening of dislocations in two and three dimensions, and the derivation of back stress and friction stress terms
entering the stress balance from the free-energy functionals.
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I. INTRODUCTION

Any dislocation density based theory of dislocation dynam-
ics under stress, and thus of plasticity, must of necessity consist
of two parts. The first consists in a density-based description of
dislocation kinematics, i.e., of the way dislocations as curved
and connected lines move in space. The second consists in
a density-based description of dislocation energetics which
allows to derive, via the powerful mathematical tools of
variational calculus, the driving forces for dislocation motion.
If one wants to go beyond the standard concepts of linear
irreversible thermodynamics, a closed theory may require
a third ingredient which provides the, in general nonlinear,
connection between driving forces and dislocation fluxes.

As to describing the kinematics of dislocations on scales
above the dislocation spacing where individual dislocation
lines can no longer be resolved, significant progress has been
made in recent years. In particular, the important question
of how to correctly describe the coupled kinematics of
“statistically stored” and geometrically necessary dislocations
for three-dimensional (3D) dislocation systems has been
addressed in several works [1-7]. The progress in dislocation
kinematics calls for a matching effort to develop averaged,
density-based descriptions of the energetics of dislocation sys-
tems. Such an effort needs to consider both excess dislocations
associated with the spatial average of the classical dislocation
density tensor (often termed geometrically necessary disloca-
tions) and so-called statistically stored dislocations of zero net
Burgers vector which dominate plasticity in the early stages of
deformation.

For dislocation systems described as systems of discrete
lines, expressions for the associated elastic energy functional
and interaction stresses have been provided in the classical
works of dislocation theory (see, e.g., Ref. [8] and, for
overview, the textbook of Hirth and Lothe [9]). Recent progress
has focused on methods to regularize the elastic singularity and
associated diverging energy density in the dislocation core,
using either nonlocal elasticity theories (e.g., Ref. [10]) or
continuous Burgers vector distributions [11]. Starting from
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the energy functional of a discrete dislocation system, one
may then develop an energy functional for dislocation densities
through appropriate averaging procedures. This is the approach
pursued in the present investigation.

There are alternative approaches. In the traditional spirit
of constitutive modeling in continuum mechanics, numerous
authors have introduced free-energy functionals which depend
on dislocation densitylike variables where the related func-
tional dependencies were assumed in an ad hoc manner (see
Ref. [12] as one example of many). Usually, little attention is
paid to the question as to how, if at all, these functionals can be
derived from properties of the underlying discrete dislocation
systems. We find this method of reasoning of little relevance to
our own work, however, we note that our results can serve as
a benchmark to assess whether or not the structure of various
free-energy functionals used in the literature is adequate
for representing actual dislocation systems. Groma and co-
workers derived equations for dislocation density evolution
in two dimensions (2D) by direct averaging of the discrete
dynamics [13-15] and then proceeded to design, via educated
guess, free-energy functionals which are consistent with this
averaged dynamics [16], or which are directly designed to
reproduce average behavior in discrete dislocation dynamics
simulations [17]. In this work, we pursue a modified but related
approach: instead of systematically averaging the dynamics,
and then matching it with free-energy functionals obtained
via educated guess, we apply systematic averaging to directly
obtain an energy function.

Recently, several authors have attempted to derive free-
energy functionals for dislocation systems using thermody-
namic formalisms (see, e.g., Refs. [18-20]). In the opinion of
the present author, thermodynamic approaches need to deal
with the fundamental problem that dislocations do not exist in
thermal equilibrium, and some authors may not be sufficiently
aware of the implications of this basic fact. To illustrate the
problem, let us compute the energy associated with a single
Burgers vector of dislocation line length. This energy is of the
order of 1b® where b is the length of the Burgers vector and p
is the shear modulus of the material. For typical materials
parameters of copper, this energy amounts to about 4 eV.
To provide matching thermal energies one would need to
consider temperatures of the order of 40 000 K, which is more
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than one order of magnitude above the melting temperature.
Kooiman et al. [18] make the same observation when they
notice that the coupling constant which gives the relative
magnitude of elastic to thermal energies is, for dislocation
systems at room temperature, of the order of 100. Hence,
thermal effects and thus classical thermodynamic entropy are
practically irrelevant to dislocation systems, whose driving
forces derive almost exclusively from the internal (elastic)
energy. Attempts to evaluate properties such as the range
of correlations in dislocation systems using thermodynamic
formalisms have produced interesting results [see, e.g., the
remarkable work of Limkumnerd and Van der Giessen [21]
who use a Langevin-type approach to evaluate correlation
functions, with results that are consistent with the results of
discrete dislocation dynamics (DDD) simulations]. However,
these authors recognize that the fluctuation magnitude that
must be assumed to achieve such agreement is orders of
magnitude above the level of thermal fluctuations even at
the melting temperature, hence it represents some kind of
“effective temperature,” in fact a fit parameter that needs
to be adjusted to make the range of dislocation correlations
equal to a few dislocation spacings as observed in simulations.
An effective temperature is also introduced by Groma et al.
[16] in their free-energy expression, and these authors make
the same observation. These approaches may be considered
implementations of the general suggestion by Berdichevsky
to consider microstructural disorder in terms of an effective
microstructural entropy and associated temperature [22].

The bottom line is that, in order to explain why for instance
the screening radius in a dislocation system is of the order of
several dislocation spacings [16,23], one needs to introduce
effective temperatures that cannot be related to standard
temperature and thus, effectively, constitute phenomenological
fit parameters.

So, why do we find, in plastically deformed crystals,
densities of “statistically stored” dislocations (dislocations
which have zero net Burgers vector and might thus annihilate)
which are as high as 10> m~2 [23], when equilibrium
thermodynamics requires this density to be zero? The answer
is simply that statistically stored dislocations exist because
kinematic constraints prevent them from annihilating. One can
understand the problem best by considering dipoles consisting
of dislocations of opposite sign moving on parallel slip planes:
As long as the interaction is not sufficient to overcome the high
energy barrier that prevents dislocations from leaving their slip
planes, the dislocations will form a dipole with a width that is
dictated by the slip plane spacing. Furthermore, dislocations
are likely to become trapped in the first local energy minimum
close to their initial position, and thermal energies (which are
orders of magnitude less than dislocation interaction energies)
may be unable to liberate them. Metastability and kinematic
constraints ensure that dislocations are, and tend to remain,
in the crystal despite the fact that in thermal equilibrium they
should not be there. This raises major conceptual problems.
Unless methods for dealing with metastability and constraints
in statistical thermodynamics are developed to a much higher
level than presently available, it may be difficult for us to
derive the nonequilibrium statistical properties of dislocation
systems from first principles. This work therefore pursues
more modest goals: To establish the fundamental structure of
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functionals which express the energy of a dislocation system
in terms of dislocation density functions, to clearly formulate
the parts of the functionals which we can know for certain, and
to find reasonable approximations for those which depend on
information regarding the relative arrangement of dislocations.
In this task, we are inspired by density functional theory
of electron systems where energy contributions of known
and established form which represent long-range electrostatic
interactions (the Hartree energy functional) are separated from
those which depend on correlations in a many-body problem
(the exchange-correlation energy) (see, e.g., Ref. [24] or other
textbooks on quantum mechanics of many-electron systems).
The latter are approximated by reference to idealized systems
such as a homogeneous electron gas. We apply the same
strategy to the many-dislocation problem. Just as in electron
theory, what we get is the fundamental mathematical structure
of the energy functional which we determine first in two and
then in three dimensions. As to the correlation energies, these
depend on parameters characterizing the range and nature of
dislocation-dislocation correlations, parameters which remain
to be determined by reference to direct DDD simulations
of the many-dislocation problem. Again, this strategy is
analogous to the proceedings in density functional theory
where exchange-correlation energy functionals are formulated
and parametrized by reference to idealized model systems (the
free-electron gas) or by comparison with direct numerical
simulations of the many-body problem via quantum Monte
Carlo methods.

The technical method which we shall use is to represent
the dislocation interaction energy in terms of densities and
correlation functions. This idea is not new: Correlation
functions have been introduced for averaging the forces in
2D dislocation systems, and hence the dynamics, in earlier
work by Zaiser and Groma [14,15]. Averaging the forces
implies, of course, evaluating average derivatives of the elastic
energy functional. Here, we apply the same averaging method
to evaluate the energy functional itself. A similar approach
has been used already in work in the 1960s (see, e.g., the
work of Kocks and Scattergood [25] on systems of straight
parallel dislocations), but was not further pursued. A possible
reason for this lies in the fact that, in absence of DDD
simulations which can provide complete information about
the dislocation microstructure, information about dislocation
correlations is hard to come by, even though some limited
information can be inferred from electron microscopy and
x-ray profile analysis data, and indeed some of the early work
by Wilkens in the field considers both mean-square stresses
(and thus elastic energy densities) and x-ray line broadening
[26,27]. In this study, we resume these approaches and extend
them to general dislocation systems in three dimensions with
multiple slip systems and arbitrarily curved dislocations. We
first revisit results of classical dislocation theory for the energy
of discrete dislocation systems, and then develop our averaging
methodology for the conceptually simple case of systems of
straight parallel edge dislocations. We generalize the results
first to curved dislocations on a single slip system, and then
to general 3D dislocation systems. We then demonstrate a
few applications for the resulting free-energy functionals,
first to evaluate “Debye screening” of dislocations in 2D,
i.e., the formation of an induced distribution of local excess
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dislocations around a given dislocation which screens the
long-range dislocation stress field. We also investigate the
emergence of “back stress” terms in the stress balance that
are proportional to second order plastic strain gradients and
demonstrate that these are associated with energy contributions
that are quadratic functionals of the local excess dislocation
density. Finally, we outline how our results can be used to
evaluate the “friction stress” associated with formation and
breaking of junctions in general 3D dislocation systems. We
conclude with a brief discussion which puts our results into
the context of other published work.

II. ENERGY OF A DISCRETE DISLOCATION SYSTEM

As demonstrated by de Wit [8], the energy of a three-
dimensional system of dislocations can be written in terms
of double integrals over the dislocation lines. This represen-
tation has been directly implemented in discrete dislocation
dynamics (DDD) codes, notably the parametric DDD model
of Ghoniem and co-workers [28,29] who use the variation of
the energy with respect to dislocation line parameters in order
to derive generalized forces acting on the dislocation lines.
In our presentation, we follow the representation given in the
standard textbook of Hirth and Lothe [9] which can be applied
both to closed loops and to loop segments. We write the energy
of a dislocation system consisting of closed loops C) with
Burgers vectors b") = be”) as

E=3 Z% yﬁ DL EEDGED D) D5 gs D),
ij co Jcw)

ey
Here, the sum runs over all pairs of loops, and the self-
energy of each loop is evaluated as half the interaction
energy of two loops at distance b (more generally, the core
radius). Here and in the following, upper bracketed indices
@) enumerate dislocation loops or segments of loops, whereas
lower indices indicate coordinates of a Cartesian coordinate
system. When dealing with 3D dislocation networks, we retain
the decomposition into closed loops but break the loops into
segments S separated by nodes. A junction which forms at the
intersection of two loops C®”) and C) is thus represented as
two segments of Burgers vectors b and "/ that are aligned
with each other between the two nodes which delimit the
junction. A collinear reaction where b*) = —b"/” is represented
as two aligned segments of opposite Burgers vector, not as a
missing segment. In segment representation, the energy of the
dislocation system is

E = 12/ / 1D giDp® _ pi)y. [ DgsD s,
2 T S JSW

2
In Egs. (1) and (2), the interaction kernel £ @9 js given by
2
NGO _ piy = ﬂga,/‘)(,m _ ) 3)
47 ’
where
g DGOy = _[eD @ ) — &) @ eVTrG
e @ el

1 .
TrG + ——G(e,e"). (4)
2 1—v
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In this expression, p is the shear modulus, v is Poisson’s
number, G is a tensor with components

2
Gu(r® — ri)) = a_|,<i> — ),

arkarl (5)
TrG = Gy = —2
P EERE LS 20
and G(e”,e'") has the components
B A ()] ()
ka - b[ Elkamnenopbo . (6)

In Eq. (4), the first term on the right-hand side is nonzero
only if neither the line directions nor the Burgers vectors of
both segments are aligned with each other, hence, it can be
considered to describe edge-screw interactions. The second
term on the right-hand side describes the interactions of the
screw components of both line segments, and the third term
describes the interactions of edge components.

These equations apply to dislocations in an infinite medium.
In the presence of boundaries and boundary tractions which
cause, in a fictitious crystal without dislocations, the stress
field o (r), the energy changes. The corresponding energy
contribution can be written in terms of the fictitious work that
would need to be done by the Peach-Koehler forces in order to
expand the loops C to their current size. For a system of planar
glide loops this is simply given by

Fou=Y / BM® : 6o (PP, ™
. A
1

@)

Here, A® is the area enclosed by the loop C®) in the slip plane
with normal #) and the projection tensor M) = (e @ n® +
n” ® e)/2. Alternatively, we may write the same expression
in terms of the microscopic plastic strain

OEDS / bMOs(r — r'd?r’. ®)
; JA

@)

Inserting into Eq. (7) gives

Eo = f P (r) : 0o (), ©
1%

where the integration is carried over the crystal volume.

In the following, it will be useful to develop a number
of ideas first for the physically unrealistic, but conceptually
simple case of quasi-two-dimensional (2D) systems consisting
of straight parallel edge dislocations pertaining to a single slip
system. For such a dislocation system, we may without loss
of generality set e = e, and 1) = s¥e, where s©) € {—1,1}
is the sign of a dislocation. The line integrals then reduce to
integrals over the z axis, and the energy of the system becomes

1 - : .
E = 2 ;S(l)s(J)Eim(r(') —r9) 4+ Z Ear, (10)
i#] !

where the vectors r) now lie in the xy plane and all
energies are understood as energies per unit length in the z
direction. The self- and interaction energies are given by (see,
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e.g., Ref. [9])
ub? R
Eof=———In[ — ),
el = 4n(l — ) n<ab)

pub? r\, Y
T - v)[ln (E) - r_z}’

where R is the crystal radius (or another external dimension
of the system) and r = (x> 4 y?)!/? is the spacing of the
dislocations in the xy plane. b is a measure of the dislocation
core radius, with the parameter o =~ 1 chosen to correctly
represent the core energy of the dislocations. Finally, the
external energy for the considered dislocation system reads
as

a1
Eint(xsy) =

x@

Texe (0, yD)dx, (12)

X0

=0 [

where Ty = M : 0. With the projection tensor =(e, ® e, +
e, ®e,)/2 is the resolved shear stress in the slip system.
In Eq. (12), the glide distance traveled by dislocation )
ranges from an arbitrary reference position xy to its current
position x®.

III. DENSITY FUNCTIONAL THEORY OF
TWO-DIMENSIONAL DISLOCATION SYSTEMS

To write the energy of our 2D model system as a functional
of the dislocation densities, we define discrete densities of
dislocations of sign s, and discrete pair densities of dislocation
pairs of signs (s,s), as

plry= Y 8ar—r"),

JisW=s

plrry= Y s —rDse —r®).  (13)
k:s® =y
jisW =5

j#k

With these, the energy of the dislocation system can be written

as
1 !
E = EY /Eselfpf(r)dzr + 3 ; ss’ // Ein(r — 1)

X ,ogf(r,r’)dzr d*r'. (14)

We now make a transition towards continuous densities via an
averaging operation (. .. ) (see Appendix). This leads to

1
E =Z/ Esirps(r)d®r + Ezss/f/Eint(r —r')

X pss (r, 7 )d?r d*r'. (15)

Here, the averaged single-particle densities pg(r) = (,of(r))
can be understood as averages of the sign-dependent dis-
crete densities, and the averaged pair densities o,y (r,r’) =
(,og(r),of,(r/)) are averages of products of discrete densities.
Note that the averaged pair densities are in general not equal
to the products of the averaged single-dislocation densities:
averaging is a linear operation which does not interchange
with the formation of a product.
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Hence, the information contained in the single-particle
densities is of necessity incomplete. Nevertheless, it is our
goal to express the energy functional in terms of the densities
ps(r). To this end, we write the pair densities without loss of
generality as

Pss (r,1") = ps(r)ps (X1 + dsy (r,1)], (16)

where d; are correlation functions. This allows us to split the
energy functional into a part which can be exactly expressed
in terms of the dislocation densities (Hartree energy Ey), and
a part which depends on the correlation functions (correlation
energy Ec¢) and needs to be evaluated in an approximate
manner. After some algebra we arrive at

E=Es+Ey+ Ec

- f p(r)Esd®r + % / / k(P (r)Ein(r — r'd*r d*r'

1
+ EZ ss' / / po(F)oy (F sy (1P En(r — )d%r d2F.

a7

Here, we have introduced the notations

p(r) =" pr), k@)=Y sp,(r) (18)
for the total and excess dislocation densities.

A. Hartree or self-consistent energy

The Hartree energy Epy depends only on the excess
dislocation density. To analyze its meaning, we use that
k = —(1/b)d,y where y is the mesoscopically averaged shear
strain on the single slip system. We may now integrate the
expression for Ey twice by parts to write the Hartree energy
as a functional of the mesoscopically averaged plastic strain
eP = MyP:

Ey = // eP(r) : T(r —r): eP(rd*rd?r.  (19)

Here, for this particular problem, TF'=M"'®
M_l)Binm/axz. We can rewrite Eq. (19) as
Ey = fep(r) L oin(r)d>r, (20)
where the internal stress field is given by
Oin(r) = f T(r—r'): e?(r)dr. Q1)

This corresponds to the solution of the eigenstrain problem in
an infinite medium by means of a Green’s function method
(see, e.g., Ref. [30] where expressions for I' are given for the
case of a general plastic strain field). Thus, the Hartree energy
is just the elastic energy associated with the elastic-plastic
problem in the absence of boundary effects. In the general case
where boundaries are present, the boundary conditions result in
an additional, “external” stress field o .x; which superimposes
on the internal stress field ai, and which enters into the energy
Ec. In most practical circumstances where elastic-plastic
problems are to be solved, the Hartree energy or its functional
derivative (the internal stress) will not be computed from
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the dislocation field « but evaluated in conjunction with the
external stress from the solution of the elastic boundary value
problem with eigenstrains.

In summary, the Hartree energy represents the part of
the elastic energy functional that is related to long-range
internal stresses which can be described in terms of the
coarse-grained plastic strain field eP or its spatial derivative,
the geometrically necessary dislocation (GND) density «. In
absence of mesoscale strain gradients (¢« = 0, equal numbers
of dislocations of both signs), this term is zero and, hence,
all remaining interaction energy terms are associated with
correlations. We now focus on the correlation energy Ec.

B. Correlation energy

To evaluate the correlation energy, we proceed in the spirit
of density functional theory of electron systems, i.e., we use
a local density approximation where we approximate the
correlation energy by a local functional of the dislocation
densities which we evaluate as the correlation energy of a
spatially homogeneous reference system. As shown in the Ap-
pendix, this is feasible if and only if the correlation functions
dgy (r,r’) are short-ranged functions of range £ which, for large
values of |r —r’| > €, go to zero faster than algebraically
(short-range correlated/macrodisordered dislocation systems).
The assumption that the d;, are short-ranged functions allows
us, for dislocation arrangements where the densities p, are
weakly space dependent on scale ¢, to approximate

ps(7l)ps/(72)dss’(Fl 7F2) ~ Ios(?l)ps’(?l )dss’(?l - ?2) (22)

This local density approximation represents the zeroth order of
a systematic expansion which expresses the energy functional
in terms of gradients of the dislocation densities of increasing
order (see Appendix). From Egs. (17) and (22), the correlation
energy reads as

l / = = =/ =/ /
Ec =3 Zss / [m(r)ps/(r) f Eini(F)dsy (F)d*r }dzr.

(23)

Using the notation

. wb? . r y ?
Ein(r) = mg(")a g(r)= —IH<E> - (7) , 29

this can be rewritten as
_ oo (7 2
Ec= a1 —v) / [21 ps(r)ps/(r)Tss}d r, (25)

where
T = / 58'dos (P)g(P)dPr. 26)

To proceed further, we need to specify some properties
of the functions d;y. By construction (see Appendix), the
correlation functions have the properties

/dm/(r —rd* =0 if s #,
27
/dss(r _r/)er/ ~ —1/p(r) if s=1y,
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where we have used that, in a weakly heterogeneous dis-
location arrangement, p,(r) ~ p,(r’) changes little over the
range of the function dy. Furthermore, as discussed in
detail elsewhere [14,31], due to the scale-free nature of
dislocation-dislocation interactions in nearly homogeneous
dislocation systems, any correlation functions which emerge
spontaneously from the evolution of an initially disordered
dislocation system must exhibit a range £ oc p~!'/? that is
proportional to the mean dislocation spacing, i.e., to the inverse
square root of the total dislocation density as defined by
Eq. (18). Hence, we assume that the correlation functions
depend only on the relative position of the two dislocations
divided by the mean dislocation spacing, expressed through the
variableu = (r —r') /p,i.e.,dsy(r — r') = d;y(u). Note that
since ps(r) ~ py(r’) over the range of the correlation function
d,y , it does not matter whether we evaluate p at r or at r'.

Let us now first consider the case of s # s'. As the first step,
the radial function g given by Eq. (24) is rewritten as

g(r) = go+ g (ry/p) where go=In(R\/p),

y2
g = —Inryp) — 2. (28)

After substituting Eq. (28) into (26) and using the condition
(27), one obtains that

Ty = — / d,y (g, (FdPr

M2

1 [ Yy :| 2 Dy
- / doy ()| In(u) + = |d°u = —. (29)
o o

u?

It can be seen that the correlation function enters our further
considerations only in form of the dimensionless number Dy, .

In the case s = s’, we substitute Eq. (28) into (26). Due to
Eq. (27) we find that

TSS

1
/ dy (P T — 5 In(oR)

A

1 u? 1
_/dss(u)[ —In(u) — —'z]dzu — — In(pR?)
p u 2py

Dy, 1

= — In(p, R?). 30
P 2ps
By substituting Egs. (29) and (30) into (25) we get
ub* p1P— Joi
Ee= M / (Do +D L=y p L=
4z (1 —v) p P

2

+p =Pt

Tp* ln(pRz)j|d2r

0
,bLb2 / DI 1 2 I)HK2 2

S Z1 . In(pR “nE g
4n(l —v) [;;(4 5 PR )+ =4

ub* / po. (PR*\  Duk*] ,
S S N Y A I | o )|
4r(1—v) [ 2n<a2 Tz, e Gh

where Dy = ), ss'Dyy and Dy = Y, Dsy. Here, we have
used that p. = (p £ k)/2 and, in a weakly polarized disloca-
tion arrangement, D, = D__. The nondimensional parame-
ter a = exp(Dy/2) can be envisaged as a dislocation screening
radius, measured in units of mean dislocation spacings. We see
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that the correlation energy in local density approximation is
indeed a local functional of the dislocation density functions.
It consists of two contributions: first, the term proportional
to p can be envisaged as a screening energy which reduces
the dislocation energy as compared to a random dislocation
arrangement. Second, the term quadratic in « characterizes
modifications to local screening as we move from unpolarized
to polarized dislocation arrangements.

The total energy function of the dislocation arrangement
then reads as

ub? o
E‘4n(1—v>[_/pln<%)+

+ % / / k() (r)g(r — r/)dzr’j|d2r. (32)

DH K2
4 p

Here, the normalization constant py 3> p is given by pg =
a® /(a*b?). The total energy consists of three contributions: The
term proportional to p can be envisaged as line energy of dis-
locations which are screened by the surrounding dislocations.
The quadratic but local term in « is a correction to screening,
and finally, the Hartree energy expressed by the double integral
over k describes the energy stored in the long-range elastic field
associated with macroscopic polarization of the dislocation
arrangement.

IV. DENSITY FUNCTIONAL THEORY OF
THREE-DIMENSIONAL DISLOCATION SYSTEMS

A. System of loops on a single slip system

We first consider a 3D system of loops pertaining to a single
slip system with slip vector e’ = e, and slip plane normal
n = e,. To facilitate the transfer of our results to the general
case of multiple slip systems, we start from the “segment
representation” of the dislocation energy [Eq. (2)]. For loops
on a single slip system, there exists no natural subdivision
into segments as provided by the nodes in a 3D dislocation
network. Instead, the length of the segments S is an artificial
parameter of the calculation, which will be chosen as a small
fraction 7 of the local radius of curvature R, of the dislocation
lines, a method also used in discrete dislocation schemes which
represent the dislocation as a sequence of straight segments
separated by nodes [32]. We split the elastic energy of the
system (2) into sums of segment self-energies and segment
interaction energies:

E=Es+E;

1 ) / ,
=2 Z/fs() U(s) - Elr(s) — r(sH] - Us")ds ds

1 . . . N .
L1 Z/ / 19 . £ D —piy . (D gsDgsi) (33)
2 iz Js0 Jsw

Here, € is the interaction energy tensor for segments in the
considered slip system which we write as

b
Er—r) = Z—n gr — 1), (34)

where g follows from Eq. (4) with e; = e, = e,. Since we
consider glide loops on a single slip system where the line
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direction [ is contained in the plane y = 0, this tensor has only
two relevant components which are explicitly given by
2

r—r)= —|r
8z:( ) 1—v8y2|

—r.

(35)
In a first approximation, the segment self-energies are replaced
by the self-energies of straight segments which we write,
following Hirth and Lothe [9], as

Es~ Z /S ) - Ls)ds, (36)

gxx(r_r/)z T
=7

where the line energy tensor is given by

ub? (I —ve,®e,) (L
=22 =TT (). @7
EL="m 8 & 1—v  \b G

In Eq. (36), S(Ll) denotes a straight segment of length L
connecting the end points of segment S®. In the spirit of
nodal discrete dislocation dynamics [32], we take the segment
length to be a small fraction of the radius of curvature
of the dislocation line under consideration, L = n/k where
the dislocation curvature k characterizes the line shape on
scales above the segment length. The deviation between the
curved segment and its straight approximation goes to zero in
proportion with n? as n — 0. In practice, n may be adjusted
to provide an optimum representation of the core energy
contribution to the dislocation self-energy.

We now proceed in direct generalization of the two-
dimensional case. We define the discrete dislocation segment
density as

par. ) =3 /S Sl — r(s)16l6 — ()lds,  (38)
S

where ¢ is the angle between the Burgers vector b and the line
direction /. Similarly, we define the segment pair density as

PR g = f / Slr — r(s)I8[r'—r(s")]
Ss'

S#S
x S[¢p—o()18[¢" — ¢(s)]dsds’.  (39)

This allows us to write the dislocation self-energy as

Es = //1(¢)~ EL - U@)pa(r.$)d’r dp (40)

and the dislocation interaction energy as

1
E;p = 5/// (@) Er —r1")- U]

x ph(r.r',¢.¢)d’r dpd’r'de’. 41)

Upon averaging, the discrete densities and pair densities
become continuous functions of their arguments. In Eq. (40),
the only change is that we replace the discrete density pq(r,¢)
by its continuous ensemble average p(r,¢). To evaluate the
dislocation interaction energy, we proceed in analogy with the
2D case and write the ensemble-averaged pair density as

PP(r.¢.r',¢") = p(r.¢)p(r',¢"[1 +d(r.r',¢,¢"]. (42)

Comparison demonstrates that the angle ¢ in the present
formalism plays very much the same role as the “sign” s in the
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2D problem. Inserting Eq. (42) into (41) allows us to separate
the dislocation interaction energy E; = Ey + E¢ into Hartree
and correlation energy terms. The self-energy, Hartree energy,
and correlation energy are given by

Es = // pr L@ - EL-UPIdrdp, — (43)

1
En=3 ///f p(r. Q@) - Er —r')-1(¢)]

x p(r',¢)d¢ d¢'d*r d*r', (44)

1
Ec = 3 //// o(r, (@) - Er —r")-1(P)]

x p(r' , Yd(r.r' ., ¢"dp dp'd>r . (45)

We can eliminate the explicit angular dependencies from these
equations by choosing an appropriate representation of the
dislocation density functions. To this end, we resort to the
concept of so-called alignment tensors.

1. Alignment tensor representation of the dislocation
density functions

To simplify the expressions, it is convenient to use an
idea of Hochrainer [7] and represent the angular dependence
of the dislocation density function p(r,¢) in terms of an
alignment tensor expansion. Following Hochrainer, we define
the sequence of (reducible) dislocation density alignment
tensors as

() = / o(r.¢)d¢ =: p(r),
() = / o(r.)l(P)dp =: k(r),

pr) = / o(r.®)l(p) @ 1(p)do, (46)

p"r) = / o(r,)LP)[RL(P)]" dg,

where [®I]" denotes an n-fold tensor product with the line
direction vector /. The zeroth-order alignment tensor is the
conventional dislocation density (line length per unit volume).
The first-order tensor (or dislocation density vector) has
as its components the edge and screw contributions of the
geometrically necessary dislocation density. The second-order
tensor contains the information about the distribution of the
total dislocation density over edge and screw orientations, and
soon [7].

The dislocation density function p(r,¢) can be recovered
from the alignment tensors as follows [7]: We denote the irre-
ducible part of the tensor p["! as p!"! with components p; i
Furthermore, we denote as 5"!(¢) the n-fold contraction of
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AU with the direction vector I(¢b). Then,
1
— [0] n [n]
P("Jl’)—zn (P (r)+ En 2"p (r,¢)),

A =p" (D (9) ... 1, (). 47)

The double angular dependency of the pair correlation
function d(r,r’,¢,¢") can be expressed in terms of a double
alignment tensor expansion. We define

(e ry = / / d(r.r B @SS @ 1)
x [®UPHN"'dpdg'. (48)

This is an expansion on the direct product of the unit circle
with itself as the [ are unit vectors in the xy plane. In terms of
the associated irreducible tensors d tm] the function d can be
represented as

Q— .
drr'g.¢)=— D 2"d""r ' g.¢),  (49)
n,m=1

with the expansion coefficients
" e ) =d" (@) 1L (@)
x 1j(@")...1;, (@) . (50)

2. Self-energy

The different contributions to the energy of a dislocation
system can be expressed in a natural manner in terms of the
dislocation density alignment tensors. As immediately seen
from Eq. (44) and the definition of the second-order dislocation
density alignment tensor, the self-energy of a dislocation
system can be represented as

b2
Eg = /gL o2’y = Z—/gL :oPrdPr. (1)
T

The term under the integral has the character of a local energy
density which is evaluated as a double contraction of the
line energy and second-order dislocation density alignment
tensors. It depends both on the local density of dislocations
and on their character (edge/screw).

3. Hartree energy

According to Eq. (44) and the definition of the first-
order dislocation density alignment tensor p!!! (also termed
dislocation density vector k), the Hartree energy can be
represented as

Ey = %// p'r) - E =1y pMNr &' (52)

Alternatively, we might express this energy in terms of the
classical dislocation density tensor « (the curl of the plastic
distortion). To this end, we note that & = p[l] RQb=kQb
and define the fourth-rank interaction energy tensor R = b ®
€ ® b to write

Ey = % f / a(r) - R —r)-@d’rd’r'.  (53)

This is the formulation used by Berdichevsky [33].
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4. Correlation energy

To evaluate the correlation energy E¢, we make the same
crucial approximation as in the case of the 2D dislocation
system: We use a local density approximation based upon
the idea that the correlation function d is short ranged,
and that we may approximate the correlation energy by the
correlation energy of a homogeneous system. In lowest-order
approximation we thus set

p(r.@)p(r'.¢"d(r.r'.¢.9") ~ p(r.$)p(r.¢")d(r —r'.¢.¢")

n+m

472

= p(r.$)p(r.¢) Y

m,n=0
xd™"r —r'.¢.¢). (54

We now insert this approximation into the correlation energy
[Eq. (45)]. The form of the expansion coefficients given by
Eq. (50) then leads us to define a sequence of coupling tensors
T!"™ with components

[n,m] P T 3
T. = dil...in,l.jl...jn,l r)gi,.;,(r)d’r, (55)

eedns J1eee Jm 472

where we again have assumed short-ranged correlation func-
tions to ensure existence of the spatial integrals. We find that
the correlation energy can be written in terms of these coupling
tensors as

]

o=l 2 f/f pr @iy (@) . L, DT
8 el ’ i ceoly, it

x p(r' @)} (). ..1;,(¢)dp dp'd’r

o]

ub? we @ il ™
=5 > /p[ Iy 2 T pM(ndPr, (56)

n,m=1

where (r:l) denotes an n-fold contraction. We note that, for
reasons of symmetry, all interaction tensors T must vanish
where n +m is an odd number. Such tensors involve, in
Eq. (56), odd numbers of products of the director I. Since
I changes sign under coordinate inversion (r — —r), whereas
the energy does not, all terms in Eq. (56) with odd numbers of
products of I must be zero.

In case where dislocation correlations emerge from the evo-
lution of an otherwise scale-free dislocation system, we expect
them to obey the relation d = d(r/p) =: d(u). Furthermore,
we note that g(r — r’) = ,/pg(u — u’). Using these relations
we can write the coupling tensors in analogy with Eq. (29) as

[n,m]
T[n.m] _ plem
g (57)
[ : 2m+1172 -1 1 3
n,m _ Jn—1,m—
Dil~~<inajl---jrr: - A2 / il---in—lvjl~~~jn—l(u)gi"’j’”(u)d u,
where u = r/p.

5. Energy functionals for continuum dislocation dynamics

In practical terms, it is desirable to truncate the alignment
tensor expansion at some low order. This is done in continuum
dislocation dynamics theories which represent dislocation
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systems in terms of the evolution of dislocation density
alignment tensors, restricting themselves to the alignment
tensors of order zero and one [6] or orders one and two [7]. By
evaluating the interaction coefficients D! using data from
discrete dislocation dynamics simulations, we might arrive at
unbiased estimates to which degree such truncated expansions
faithfully represent the energetics of dislocation systems.

We explicitly give the energy functional for an expansion
containing the first- and second-order dislocation alignment
tensors. The diagonal components of the second-order align-
ment tensor p := plil and p. := pl3! correspond to the
screw and edge dislocation densities. Furthermore, we use
that, because of invariance under the transformation (¢ —
—¢, ¢' — —¢'), the correlation alignment tensor d'""! is
diagonal with only nonvanishing components d!:!1 and d;ly 1,
The same is true for the interaction energy tensor with the only
nonvanishing components g., and g,,. With these notations
we write

E

Es+ Exg+ Ec
_ub? 1 o)\ 4
= / [,os(r)+ 11— 1),oei| In <p0(r)>d r

2
+ % // K(r) - g(r — ') K dr dr

+ ,u_bz / pszDss + pezDee + Dsepsped3r
81 p(r)
ub? [ k@r)- DM . k@)
o ) d’r. (58)

The interaction coefficients for the dislocation densities are
given by

Dy, = % / g (@d N w)d*u

= %/// S (@)d(u,p,¢") cos g cos p'd>udep de,
De. = % / g ()d M @)d u

= % f [ / 8:(w)d(u,p,¢")sinp sing'd*udg de’,
Dy = iz f [8::(@)dl V@) + g (@)dll N w)]d

T
1
= _2/// d(u7¢7¢/)[gyy(u)cos¢COS¢/
T
+8r(w)sin g sing'ld*ude dg, (59)

and the interaction matrix associated with the dislocation
density vector p!'!! = k is

D[l,l] — #/g(u)d[o,m(u)d%
1
= m/// gwd(u,p.¢"d udpdd’. (60)

The quantity po(r) = g(r)nb in Eq. (58) relates to the so-
called curvature density (a product of dislocation density and
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curvature) which is one of the field variables of continuum
dislocation dynamics as introduced in Ref. [6].

A simplified theory as proposed in Ref. [6] might only
consider the dislocation density alignment tensors of order
zero and one, hence retains only information about the total
dislocation density p and geometrically necessary dislocation
density vector k. Since no additional information is available,
the alignment tensor of order two is then represented as
o = (p/2)I. With this simplification, the energy functional
becomes

sz(z—v)/ (" (p())
- 8n(l o(r)
+ & /f k(r)-gr—r) - kd*r d*r

2 .l
+ ﬂ )b k@) s, 61)
8 o(r)

Here, all coefficients of energy contributions proportional to p
have been absorbed into the scaling factor o5 = agb, where
the numerical parameter « is proportional to exp[(Dss + Dee +

Dy.)/4].

B. Multiple slip systems

In case of multiple slip systems, dislocations are likely to
form 3D networks. We now consider as segments S# stretches
of dislocations bounded by two nodes in the dislocation
network. The superscript 8 distinguishes the different slip
systems with Burgers vectors be”, slip plane normal vectors
n?, and projection tensors M”. The interactions between
segments pertaining to two slip systems 8 and S’ are given
by EFF = £ where ) = ef () = ef'. For self-energies
we again approximate the self-energy of a segment by that
of a straight segment, for which we introduce the line energy
tensor

gﬂ__ﬂ_bz B
L 47 °L
1 0
gL—m(I veﬂ®eﬂ)ln<\2—2>
1

_ —vef @ ey (L

2(1_‘))(1 ve’ Qe )ln(po), (62)
where we used that the segment length (mesh length of the
dislocation network) is now proportional to the characteristic
dislocation spacing (1/,/p). The parameter n can again be
adjusted to account for the dislocation core energy. There
exists, in a three-dimensional network, the possibility that a
segment of a loop of slip system g is collinear with a segment
of slip system 8’ (the two segments form a junction of Burgers
vector b%# = bP + bP). We evaluate the junction energy as
the sum of the energies of the constituent segments and an
interaction energy. This interaction energy is strictly negative
(otherwise the junction does not form). It is given by

’ /,Lbz ,
Ejﬂﬁ _ e gﬁﬂ

T4y oY gfﬁzlﬁﬂ'

(7 — i —el) 1"
(©3)
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where I?#" is the direction of the junction segment which is
constrained to form along the line of intersection of the slip
planes of both slip systems. At first glance, our method of
bookkeeping may look unusual; why not directly evaluate
the self-energy of the junction segment and discarding the
addition-cum-subtraction of the constituent segment energies?
The reasons for this procedure will become transparent
later.

Discrete dislocation densities are now defined separately
for each slip system as

A=Y / Sl — r(s)1616" — @ ()lds,  (64)

Sep

where ¢ is the angle between the Burgers vector b and the
line direction I(s). For junction segments we define junction
densities

o = [ otr = ro g — o s
Se(B.B)

= pbr,¢?) P (r,0P),

ol Parefy= 3" / 8[r — r()18[¢" — ¢" P (s)lds
Se(B.B)

= ol (r. ") PP (r 0", (65)

Here, the function f PF" has the value 1 whenever a segment
of slip system S forms a junction with a segment of slip
system B, and the value 0 otherwise. Note that a junction
can alternatively be envisaged as a segment of orientation
PP = arccos(I?? ef) in slip system B or as a segment of
orientation ¢## = arccos(I?”'ef") in slip system B’

For describing interactions between noncollinear disloca-
tion segments, we define pair densities for pairs of slip systems
as

ol rgfr =Y // 8[r — r()18[r' — r(s")]
Sep#S'ep’

x 8[¢f — ¢P'(sHds ds'.

(66)
Upon averaging, all these densities become continuous func-
tions of their arguments and we drop the subscript d. As
previously, we write the pair density functions in terms of
products of single dislocation densities and pair correlation
functions

PP (r,¢P 1 ¢P) = pP (r,0P) 0P (r,P)[1 + dPP (r,¢* 1, ¢P)].
(67)

We skip the intermediate steps which proceed in direct analogy
with those for a single slip system, with the only differences
that now we need to sum over all slip systems (for the
self-energy) and all pairs of slip systems (for the interaction
energy), and that we need to account explicitly for the junction
energy. As in the previous section, we expand the slip system
specific dislocation densities and correlation functions into
alignment tensors

— ¢P(s)15[0"

PP (r) = / pP(r, )PP dpP,  (68)
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AP gy — / / d(r.r' ¢ S UGNBIGH]!

@U@ depPde? . (69)

Using these notations, we write the self- and Hartree energies
as

ub? B2 . B 3
=2 | Mgl (70)
B
b’ B.l1] B’ N By g3, g3
=52 [ PPN g =) P e dr
BB
(71)

where g## is obtained from Eq. (4) by setting ) = ef e\/) =
e”'. A new contribution to the system energy in case of multiple
slip systems is the junction energy. To represent the junction
energy, we introduce the definition

) P
fﬁﬁ = pPr (72)

P
with 78 = h#P < 1 to meet the conditions Zﬂ, P <1
(only a fraction <1 of all dislocation segments can form junc-
tions) and £ pf = fFP pP (ajunction between segments of
slip systems 8 and 8’ is a junction of slip systems 8’ and f).

Using this notation, we can write the junction energy as

B ,
Er=e Z/ : (:))(p) PP (g r. 73

In this expression, we have made the simplifying assumption
that the probability of forming a junction does not depend
strongly on the orientation of the intersecting dislocations in
their respective slip planes. A more general treatment which
uses an alignment tensor expansion of 4%, and of which
Eq. (73) is the lowest-order term, will be given elsewhere.

We are left with evaluating the correlation energy which
contains all terms dependent on the correlation functions d##'.
This can be written as

Z Z/ By @ pp8 im0 8y g3

BB’ n,m=l1
(74)
where the interaction coefficients are
BB'[n,m]
8B Inml _ b
0
pfF ] _ 2 PN g B gy
iedn, Jreejm 4772 =1, J1 Jn— g
(75)

with u = r,/p. We note that the main qualitative difference
between the single and multiple slip situations resides in the
possible existence of collinear segments, i.e., junctions. In
comparison with mutual interactions between distant segments
of different loops, junctions may lead to a much more efficient
energy reduction.
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V. APPLICATIONS

A. Dislocation screening in two dimensions

As an application of our two-dimensional theory, we revisit
the problem of Debye screening of dislocations which has
been previously studied by Groma and co-workers [16]. We
use the energy functional given by Eq. (32) to evaluate the
reponse of a homogeneous, infinitely extended 2D dislocation
system of density p to a single excess dislocation fixed in the
origin ko(r) = 8(r). The induced excess dislocation density
k follows by considering the variation of the ensuing energy
functional, under the assumption that the overall density p
remains homogeneous. The variation of Eq. (32) with respect
to « is then given by

471'(1—\1) / [D“

x 8ic(r)d*r = 0. (76)

/ k() + 8()g(r — F)dPr ]

This leads to the following equilibrium equation for the
induced density «:

b2
e Dy—
47 (1 —v) 2

The solution of Eq. (77) can be found by Fourier transfor-
mation. Using

+ / k(rg(r — rd*r’ + g(r):| =0.
a7

B 8mk;
gk) = (78)
and the definition k} = 47p/ Dy, we find
4k2 K2
k() = ———-> (79)

212 1 4
dkoks + k
from which reverse Fourier transformation yields the result

ké y sinh(kopy)
g r

k(r)= K (kor) — cosh(koy)Ko(kor):|. (80)
This is also the result obtained by Groma and co-workers [16]
and, using a quite different formalism, by Linkumnerd and
Van der Giessen [21]. We point out that our investigation,
though it leads to the same result, differs somewhat from
the work of Groma and also of Limkumnerd and Van der
Giessen. Groma et al. use a free-energy functional which
is devised heuristically and the term D, which controls the
range of correlations, is associated with entropylike terms
in the free energy. The same is true for the investigation
of Limkumnerd and Van der Giessen [21] who relate the
range of correlations to fluctuation terms in the dislocation
dynamics which they characterize by an effective temperature.
In the present investigation, on the other hand, the parameter
ko, or Dy, which controls the interaction range, arises from
purely energetic considerations. Comparison with discrete
simulations gives kg = 4.2,/p [16] which allows us to obtain
the numerical value of the coupling parameter Dy =~ 0.84.
Inserting this numerical value into Eq. (32) together with typ-
ical values p ~ 10> m~2 and py &~ b~% ~ 10'° m~? indicates
that, in the absence of long-range stresses (Hartree energy),
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the composition of the dislocation arrangement (geometrically
necessary versus statistically stored dislocations) has only a
quite modest influence on the energetics. Even in the extreme
limit « = p (only geometrically necessary dislocations), the
additional energy cost implicit in the term proportional to k>
amounts only to about 3% of the term proportional to p.

B. Derivation of “back stress” terms in two
and three dimensions

In dislocation-based plasticity theories, many authors have
found it convenient to introduce “back stress” terms propor-
tional to the gradient of the dislocation density vector k into
the stress balance (see, e.g., Refs. [15,34-37]). Such terms
are of interest also because the dislocation density vector
k is proportional to the gradient of plastic strain, hence,
back stress terms correspond to second-order plastic strain
gradients entering the stress balance, a device highly popular
in phenomenological gradient plasticity models of continuum
mechanics. We demonstrate in this section that such terms
arise naturally from our density functional representation of
the dislocation energy.

To this end, we first consider the 2D case. We take the
k-dependent terms in the energy functional given by Eq. (32)
and insert the relation between the excess dislocation density
« and the plastic strain y, k = —(1/b)d,y:

_ “Dn 22 Ik f/
- / t6r(— v VT gra =y J) v

x 8,y (rg(r — r'd*r d*r'. (81)

Variation with respect to y yields

[ #  |Pugp : N
OF _/ 477:(1—1))p|: 2 8)()/ /3x7(" )axg(r r)d ri|
X 8)/ d2r ;/T(r)s)/(r)d%', (82)

where we have used that the work conjugate of the plastic shear
strain y is aresolved shear stress in the considered slip system.
Using that the shear stress of a single dislocation is given by
Ta(r) = —ub/[4m (1 — v)]o, g(r) we see that the shear stress
in the slip system is of the form

bDy
(r) = s y Ok +//<(r’)td(r—r’)d2r’ = Tp + Te.

" 87(1—
(83)

The first of these terms is the back stress 1, derived, along a
quite different line of reasoning, by Groma et al. [15]. The
present derivation makes it obvious that this term results from
the correlation energy contribution that is quadratic in the
excess dislocation density «. The second term 7y, represents
the superposition of the long-range stress fields of the excess
dislocations. This stress contribution derives from the Hartree
energy and is normally obtained from solving the standard
elastic-plastic problem.

We can repeat the same argument for 3D systems. In case
of a single slip system, the dislocation density vector relates
to the strain gradient by « = (1/b)e,Vy, €, = € - n where
€ is the Levi-Civita tensor and »n the slip plane normal. The
tensor €, rotates a vector contained in the slip plane, such as
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Kk, counterclockwise by 90°. With this notation we can write
the k-dependent terms in the energy functional (58) as

2
E(k) = ﬂ [[ K(r)- g(r — ') k(r)dr &

N ub* [ k(r)- D"
8 o(r)

S = [[1en- v rangwrvien vy

ub2 / [ex - Vy(@)]- DM e, - Vy(r)] e

p(r)
Variation with respect to §y gives

-k (r) 3,

(84)

sz ’ / 3.7
s = 17 / / leaVy ()]leaVg(r — r)Idr

ub* [ [€,VID"1 . [€,Vy]
4r p(r)

The term in the brackets can again be understood as the
resolved shear stress. In terms of k it is given by

]5y(r)d3r. (85)

t(r) = ub / K(r)e,Virgr — rar’

ub
4mp

= T + Tp. (86)

In case of multiple slip systems, we use the notation e =

€ - n? where n” is the slip plane normal of slip system 8. After
repeating the steps as above, we get for the slip system specific
back stress terms in multiple slip conditions

lenV]- DI ke(r)

pub? . BEILI . B
Py = 47r,0[€ v] ;D Py, (87

Some implications of our derivation of the back stress term are
discussed in the Appendix.

C. Estimate of the friction stress for a dislocation moving
in a multiple slip environment

Because of the geometrical constraints to dislocation glide
on slip planes, dislocations can in general not move without
intersecting dislocations on other slip systems. Because of this,
sustained dislocation motion requires the repeated formation
and breaking of junctions. The work required to break
junctions is dissipated in the process. The distance between
statistically equivalent configurations in the average direction
of dislocation motion is given by the mesh length 1/,/p of the
dislocation network. Thus, the energy dissipated in advancing
the dislocation by a distance g > 1/,/p can be estimated as

Ef 6= )" / EY1/p5q(s)lds

B Sepp’

=y /S P (r)bsq(s)ds, (88)
S
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where t# is the friction stress required to move the dislocations,

e., the resolved shear stress T which provides the work
required for breaking junctions. Upon transition to an averaged
formulation we can rewrite this equation as

B ("),0 (") BB’ ﬂﬁ 3
Ed1ss _47[(1 V)Z‘/ |:f( )—————h dq(r)d’r

= / PP (r)sq(r)d’r. (89)

Since the virtual displacement ¢ is arbitrary, it follows that the
shear stress (“friction stress”) required to move the dislocation
is

B _ Mb ,Oﬂ/(") BB BB’
ol (r) = 471(1_1)); o W 0gs Ve 00)

This stress obeys the generic Taylor scaling relation, i.e.,
it is proportional to the square root of dislocation density.
It also depends on the distribution of dislocations over the
various slip systems and on the coefficients 2% g##" which
have the character of latent hardening coefficients. The basic
idea underlying the above argument is that the junction energy
defines the amplitude of the small-scale energy fluctuations
(on scales of the order of one dislocation spacing) that need
to be overcome in order to move a dislocation by repeated
breaking and formation of junctions. We note that the above
argument can be generalized by replacing the scalars h#f" and
p? with alignment tensor expansions of the corresponding
angle-dependent functions. In this manner one can account for
the fact that the average junction length may depend on the
orientation distribution of the intersecting dislocations. This
will be discussed in detail elsewhere.

VI. DISCUSSION AND CONCLUSIONS

It is interesting to compare our results with related work
by other researchers, notably regarding the structure of the
energy functional. We have shown that the energy functionals
of dislocation systems possess a generic structure which is
common to 2D and 3D dislocation systems. Specifically, the
energy functionals consist of a “Hartree” energy which is
a nonlocal, quadratic functional of the dislocation density
vector or, equivalently, of the dislocation density tensor.
This part of the energy functional does not depend on
assumptions regarding dislocation correlations. The Hartree
energy is complemented by an energy term which has the
form E —f/,Lbzpln(,o/po)dDr where pg (l/bz). This
energy is proportional to the line length per unit volume
with a proportionality factor that decreases with increasing
dislocation density, reflecting the fact that the screening
radius of dislocation systems is proportional to the dislocation
spacing. Terms of the form —pIn p in a free-energy density
are normally associated with entropy, and indeed such terms
appear in thermodynamic theories of dislocation systems (see,
e.g., Kooiman [18]). However, in thermodynamic theories,
the prefactor of plnp type entropy terms is bound to be
of the order of k7T, which is several orders of magnitude
less than the actual prefactor ~ub®. The present derivation
makes it clear that this term is in fact of energetic origin.
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We note that, in the hypothetical case where the dislocation
density approaches pg, according to the present formalism the
energy per unit dislocation length in a system that is equally
composed of positive and negative dislocations would go to
zero. This is simply a reflection of the fact that in this case the
cores of the positive and negative dislocations overlap and the
dislocations annihilate. The role of the parameter pg is thus
the exact opposite of the “limit dislocation density” p, intro-
duced in an ad hoc manner by Berdichevsky [33]. This term
was introduced into the logarithmic factor in such a manner that
it makes the energy per unit dislocation length diverge as the
dislocation density approaches the critical value p,. In view of
our results, this idea must be discarded. Indeed, if we consider
dislocation systems of zero net Burgers vector, it is difficult to
see how densification of the dislocation system, i.e., bringing
dislocations of positive and negative sign closer to each other,
could conceivably increase rather than decrease the energy
per dislocation length. The third energy contribution which
consistently emerges from the present treatment is a local term
which is quadratic in the excess (geometrically necessary)
dislocation density. This term forms part of the “correlation
energy”’; it depends on the structure of the dislocation pair
correlation functions. Upon variation, it yields the back stress
which has become very popular in both phenomenological
and dislocation density-based plasticity theories, not least
because of its ability to explain size effects [15,34]. To
summarize, we hold the following fundamental structure of
the energy density in the dislocation energy functional to be
generic:

(i) self-energy terms of form o« —ub? [ pIn(p/po)dPr;

(i) a nonlocal Hartree energy which depends on the
excess (GND) dislocation density vector, or equivalently on
the dislocation density tensor, of form ub* [[ k(r)- g(r —
ri(r)dPr dPr’ or ub? ([ a(r) - R(r — ra(r')dPr dPr';

(iii) terms proportional to the square of the excess disloca-

tion density vector, of form ub* [ €%k - D -k dPr.
Of these terms, the self-energy depends only logarithmically
(through the term pg) on the correlation functions. Also
dependent on the structure of the correlation functions are the
length scale £ and the coupling tensors D. Of these we only
know that they must be positively definite since otherwise
a homogeneous system of statistically stored dislocations
would spontaneously decompose, which it does not. As to
the length scale ¢, in the absence of other factors it must,
in order to be consistent with the scaling properties of
discrete dislocation systems [14,31], be chosen proportional
to the dislocation spacing. This is the approach used in this
work.

In our evaluation of the energy functional of a dislocation
system we have made the key assumption that the range of
correlations between dislocations is limited. This is a necessary
assumption for expressing the correlation energy as a local
functional of the dislocation densities (see the discussion in the
Appendix). In physical terms, this assumption corresponds to
the simple idea that, by studying the dislocation configuration
within a few dislocation spacings around one point, one cannot
gain information about the configuration of dislocations
around a distant point (at a distance of many dislocation
spacings), other than the information which is contained in
the long-range space dependency of the dislocation densities.
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While this seems a rather mild assumption, it must be noted
that a lot of dislocation systems that have been extensively
investigated in the literature fall not into this category, among
them

(1) the Taylor lattice [38];

(2) the infinite periodic or nonperiodic dislocation wall
[36,39];

(3) the infinite dislocation pileup [40,41];

(4) the periodic misfit dislocation array.

Many of these systems are one dimensional and/or periodic,
which makes powerful mathematical tools available for their
analysis. The existence of these powerful tools may motivate
the investigation but, on the other hand, it is also clear that
most of the dislocation arrangements which develop during
plastic deformation and whose properties govern plastic flow
are disordered rather than ordered on large scales, and are
two or three dimensional rather than one dimensional. No
Taylor lattice and no infinite periodic dislocation wall has ever
been seen in the electron microscope, extended pileups are the
exception rather than the rule in deformation of real materials,
and even in case of interface dislocations the assumption of
periodic order has recently been called into question. We may
thus argue that the study of low-dimensional and/or periodic
dislocation arrangements (which can never be captured by the
present approach) is a consequence of mathematical conve-
nience rather than of their practical importance. In this sense,
the present investigation can hopefully be considered a step
towards “becoming generic,” which also means “becoming
realistic.”

Among the applications we have given, we consider the
derivation of back stress terms to be of fundamental interest. It
should be clear from our derivation that the fundamental term
in the energy functional that depends on the excess dislocation
density k is the Hartree energy. Whatever assumptions are
made regarding the correlation functions, this term is bound to
stay. The term proportional to «2 in the correlation energy,
which gives rise to back stress terms, is in fact a local
correction to the fundamentally nonlocal functional, a fact well
recognized in recent work by Kooiman et al. [19] Accordingly,
the back stress is a local correction to the in general nonlocal,
long-ranged interaction between excess dislocation densities
in different parts of the crystal. In view of this fact, it is
astonishing that there are several published attempts to replace,
rather than correct, the long-range dislocation interaction by
a back stress term. This is tantamount to throwing out the
Hartree energy and expressing the elastic energy as a functional
of the excess dislocation density which does not contain any
nonlocal, long-range interaction terms. The standard device
used to this end is a truncation of the kernel g at some arbitrary
radius ¢ (see, e.g., [35,37]). We cannot help pointing out that
this is inconsistent with the most fundamental property of
dislocations, and of dislocation systems, namely, the existence
of a Burgers vector that is independent on the Burgers circuit:
Let us compute the stress (or equivalently the elastic strain)
associated with an arbitrary dislocation arrangement contained
in some circle Cx of radius R. If we now truncate the stress
around dislocations at length ¢, we are left with a horrible
dilemma: either we truncate the stress but not the strain, in
which case we have destroyed elasticity, or we truncate both,
in which case the integral over the circle Cg, will yield zero
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whatever the Burgers vector content in C might be, which
would be possible only if dislocations had no Burgers vector
to begin with. This idea is taken to its logical conclusion in the
work of Luscher et al. [37] who use the back stress to evaluate
the dislocation-associated strain as a compatible tensor field
(see the discussion in the Appendix).

There are several directions how the present investiga-
tion could be expanded and further developed. At present,
our treatment of segment self-interactions via a line en-
ergy approximation is not very elegant. This can be easily
improved upon by replacing the interaction tensors g by
core-regularized expressions which can be derived in various
manners including gradient elasticty [10] and continuous
Burgers vector distributions around the dislocation core [11].
Since we cannot, in the general case, calculate dislocation
correlation functions from our theory, we need to obtain
the information regarding quantities like pyp and D™ from
external sources. In our opinion, as a next step, a systematic
effort is needed to evaluate the expansion parameters of the
theory (the coupling tensors D"y from DDD simulations.
From a numerical point of view, this is not difficult, especially
with reference to DDD codes that express the interaction
energy in terms of line integrals over the dislocation lines
[28,29] since the coupling tensors can for discrete dislocation
systems be evaluated in a similar manner. A comparison with
DDD simulation data will serve two important objectives.
First, owing to the nonergodicity of dislocation dynamics,
it is not at all clear to which extent these coupling tensors
depend on initial conditions. If they do so in a sensitive
manner, meaning that different types of initial conditions lead
to quite different values for the coupling tensors and thus
to different energy functionals, then the present theory is
useless for practical application. If, on the other hand, the
dependence on initial conditions and deformation geometry
is weak and remains within the statistical scatter among
individual simulations, then the theory can be applied for
evaluating the dynamics of dislocation systems from density-
based evolution equations in a correspondingly wide range
of situations. Second, comparison with DDD simulation can
tell us how many terms of the alignment tensor expansion are
actually needed for a meaningful representation of dislocation
energetics, and thus provide important hints regarding the
question as to what degree of complexity is actually needed for
density-based dislocation dynamics models. DDD simulations
can be usefully complemented by experimental data regarding
the structure of energy functionals for dislocation systems.
Classical x-ray and calorimetry studies (see, e.g., Ref. [23])
provide information about the energy stored in a dislocated
crystal and, via line profile analysis, about the range and
dislocation density dependence of screening correlations in
dislocation systems (Wilkens” M parameter, [23]). Recent
developments in x-ray microscopy allow to map the lattice
distortions, and hence the elastic energy density associated
with dislocation systems on scales well below the spacing of
individual dislocations (see the impressive work of Wilkinson
and co-workers [42]). Such experiments allow to obtain data
that are of comparable quality to those from DDD simulation
and can be used in a similar manner for evaluating the elastic
energy functional and parametrizing its local and nonlocal
terms.
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APPENDIX

1. Averaging procedures

To represent a discrete dislocation system by continuous
densities, averaging procedures are required. Spatial averaging
is commonly used in mechanics, but has the disadvantage that
it does not preserve information about the relative positions
of dislocations (or particles) with respect to each other,
information which is essential for capturing the energetics.
Hence, spatial averages are not normally used in statistical
mechanics where one aims at deriving the average properties
of systems from the dynamics and interactions of their discrete
elements. The only averages normally used in statistical
mechanics are (i) temporal averages along the trajectory
of a system or (ii) instantaneous averages over ensembles
of many systems. In thermal equilibrium, both types of
averages are assumed to coincide (ergodicity). However,
dislocation systems during plastic deformation are not in
thermal equilibrium, and moreover their dynamics is strongly
influenced by constraints (glide on crystallographic planes)
which normally prevent them from fully exploring the phase
space of possible configurations. Hence, dislocation motion
tends to be nonergodic. This leaves us with ensemble averaging
as the only feasible averaging approach.

Initial conditions for a 2D dislocation dynamics simulation
are provided by assigning initial positions and signs to N
dislocations. Any statistical rule for doing so explicitly or
implicitly defines an initial N-particle density probability
density function

pN(Sl o SNLST - SNLT . .rN)dDr1 .. .dDI‘N, (Al)

which is the joint probability to find the first dislocation of
sign 1 at ry, dislocation 2 of sign 2 at r,, etc. Obviously, the
N -particle density function fulfils the normalization condition

Z /pN(sl L SNLFL . TN, S) ...sN)dDr1 . dPry = 1.
ST SN
(A2)
A nonequilibrium ensemble is defined by its initial probability
density function and evolution equations, hence, the rules
for constructing initial conditions in a set of multiple DDD
simulations can be considered to define an ensemble. This is
true for both 2D and 3D simulations: Initial conditions for a
3D dislocation dynamics simulation can be understood as sta-
tistical rules for assigning initial positions and directions to N
segments in terms of a density function p(ry...ry,¢1 ... dn),
where those rules need to respect line connectivity and one
makes the transition N — oo as the segments are made to be
arbitrarily short.
Probabilities of lower order can be obtained by integrating
over some of the coordinates. Of particular importance in
this study are the single-particle and pair probabilities defined

PHYSICAL REVIEW B 92, 174120 (2015)

pirs) =y

§2...5N

derz...dDrN,

pa(r,s,r'.s’) = Z

53...5N

xdPry...dPry.

PN(S,S2 ... SN, F Py ... FN)

I I
PN(S,S" .83 ... SN, F, ., F3...FYN)

(A3)

These give, respectively, the joint probability of finding a
dislocation at r and with sign s, and the joint probability
of finding a dislocation pair at (r,r’) and with signs (s,s’),
irrespective of the positions and signs of all other dislocations.
The probability for a dislocation at any position to have sign s is
given by p(s) = N, /N where N; is the number of dislocations
of sign s. We write
pi(s.r) = p&) i), pa(s.s’rr’)y = p(s)p(s) f37 (r.r),
(A4)
where f(r) is the conditional probability density for a
dislocation of sign s to be at r and fz”/(r,r’) is the conditional
probability density for a dislocation pair of signs (s,s’) to be at
the positions (r,r’). From the general normalization condition
(A2), we see that these conditional probabilities are normalized
according to [ f(r)dPr = Land [ f3*'(r,r)dPr dPr' = 1.
From the sign-conditional single-dislocation and pair prob-
ability densities we obtain the respective dislocation densities
by

ps(r) = N f7(r),
, (A5)
n _ NNy f55@r,r), s #s
pss’(r,r ) = {NS(NY _2 1) f;&(r’rr)7 =5,

Note that, while the number of pairs of dislocations of types
s # s’ is Ny Ny, the number of pairs of dislocations of type s is
N;(N; — 1) since a dislocation cannot form a pair with itself.
The densities are thus normalized to yield, upon spatial inte-
gration, the respective numbers of dislocations or dislocation
pairs. From this normalization it follows that, if we express the
pair density as pgy (r,r') = ps(r)ps (r')[1 + dss(r,r’)] then

/ oy (P (r ) = / pe (s (PP

0, s #s
-1, s=y¢.

The quantity p,(r)d,s(r,r’) has a role similar to the exchange-
correlation hole density in density functional theories of
electron systems (see, e.g., Ref. [24]). In a local density
approximation where p,(r) depends only weakly on r over
the range of the correlation function dy(r,r’), we may pull
the factors p;(r) ~ ps(r’) out of the integrals, and Eq. (27)
follows.

In conclusion, a point about the choice of initial con-
ditions (the intial many-dislocation density function, or
the initial conditions in a series of DDD simulations) is
appropriate. To enable comparison with experiment, ini-
tial conditions in DDD should be consistent with infor-
mation about dislocation microstructure that is accessible

(A6)
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by experiment. In well-characterized microstructures, this
is typically the total dislocation density, the geometri-
cally necessary density as monitored by lattice rotations
or misorientations, and possibly the distribution of disloca-
tions over the various Burgers vectors. In extremely well-
characterized specimens, even information about the distribu-
tion of dislocations over edge and screw orientations may be
available.

All these informations are comprised in the dislocation
density alignment tensors up to order two. However, any
DDD simulation involves constructing initial conditions which
imply the definition of a many-dislocation or many-segment
density function, a function which may contain much more
information than is contained in the simple density functions.
It is in the opinion of the present author essential that initial
conditions are constructed in a manner that does not introduce
more information than is actually available since, otherwise,
the results may be influenced in a significant, and potentially
uncontrollable, manner by hidden parameters introduced in
the form of assumptions about the initial state that are not
backed up by experimental evidence. A systematic manner
of constructing unbiased initial conditions is provided by
the maximum entropy method, which allows to construct the
many-particle density by maximizing the entropy while using
the available information as constraints. As an example, for a
2D dislocation system of size L? with N* positive and N~
negative dislocations (densities p. = N*/L?), the N-particle
probability density function which maximizes the entropy
is simply py = (1/L*)N*(1/L*)N~; in simple words, as an
initial condition, the dislocations are placed independently at
random locations, which is indeed a popular initial state for
2D DDD simulations. Other microarrangements which are
popular in the literature for analyzing properties of dislocation
systems, for instance placing dislocations on regularly spaced
slip planes [36], or even on a regular Taylor lattice [38],
seem highly problematic from an information-theoretical
point of view because they imply strong assumptions about
a correlation structure which may not be backed up by
experimental evidence.

2. Nonlocal density functional approximations
of the correlation energy

The local density approximation used in this work can
be considered the lowest order of a systematic expansion of
the energy functional in terms of gradients of the dislocation
densities. We illustrate this for the correlation energy of a 2D
dislocation system. We start from Eq. (17):

1
Ee=3 Z / / ps(1)py (s (r 1) Esa(r — #)d?r d?r,

(A7)
We introduce the vectors r* = (r +r’)/2anda = r — r’ and
expand both p and p, around the point r*:

N 1[a-Ve]
m(r)zzﬁ[“ ’} PP,

! 2
n=0

1 [a-Ve"
py(r) = —[ } o)l
mX:;)m! 2

(A8)
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Inserting into the correlation energy gives

1 1 * a- Vr "
ECE ;; m // dsy (r ,a)Eim(a)|: ) :|

.V, "
X P‘v(r*)[‘%] oy (r*)d*a d®r*.

(A9)

We then introduce the gradient coefficient tensors 7" with
components

1
+ _
Ts’;’,ﬁ...iﬁm(r*) - ntmp g | /ail cee aiwmdss’(r*aa)
x Em(a)d’a (A10)
to write the correlation energy as

1 n n+m m.om
Ec=3).2, f Vi, T () Y Vg (rdr,

ss’ n,m

(A11)
Here, the tensorial mth-order dislocation density gradient
V™" ps is the rank-m tensor with components 9;, ... d;, 0.

Thus, the correlation energy can be represented in terms of
a gradient expansion of the dislocation densities, provided
that the dislocation density functions can be differentiated
to arbitrary order and that the gradient coefficient tensors
of arbitrary order exist. A necessary and sufficient condition
for this is a faster than algebraic decay of the correlation
functions dy (r,r’), which corresponds to the assumption of a
macrodisordered dislocation arrangement.

It is straightforward to generalize the above argument to
3D dislocation systems, however, the notation associated with
a double expansion in real space and in angular coordinates is
cumbersome so we refrain from giving explicit expressions.
The local density approximation used in the remainder of this
paper is just the lowest-order term of the above-mentioned
gradient expansion. The above argument demonstrates that
this approximation can be systematically generalized to derive
gradient-dependent expressions for the correlation energy of
any desired order.

3. How not to understand back stresses

Equation (87) relates the back stress on a slip system to
directional derivatives of the dislocation density vector:

ub? y ,
rf(r):—%[efjv]. Y ODFI PGy | (A1)
ﬂ/

Our derivation tells us that this stress enters into the stress
balance alongside the standard nonlocal stress (Hartree stress).
However, several authors [35-37] have suggested to use
the back stress in order to replace long-range dislocation
interactions. To illustrate the implications, we follow Luscher
et al. [37] who use an expression exactly analogous to the
above equation, though with a scalar coupling constant D. If
this expression is assumed to fully describe the dislocation
associated stress field, it is only natural to associate the back
stress with a matching stress tensor r,f = MPo, and this with
a strain through

e6=C':0,=C"": (M) 1, (A13)
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where C is Hooke’s tensor. Luscher e? al. use this expression to
evaluate the dislocation associated strain which is only logical
since there is no other stress associated with dislocations in
their theory. To show the implications, we look at a special
case: our 2D dislocation system with Burgers vector b = be,
and slip plane normal n = e, containing straight parallel dislo-
cations of line direction / = e,. The dislocation density vector
is k = ke,, and the back stress T, = —(ub>D)/(4mwp)d k. We
now consider a particular dislocation distribution: a blob of
positive dislocations with density «(r) = ko exp(—r2/£?) and
ask what is the Burgers vector contained in a circle Cg of radius
R and area A around the origin. According to the classical
definition, the Burgers vector associated with « follows as
b = be, [, «d*r which goes to a finite value as R — oo.
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If we instead evaluate the associated Burgers vector from the
“dislocation strain” €y, we get

bi:_(szu)/(4np)ci;,§,(Mﬂ),;,1f dercds;.  (Al4)
Cr

It is easily seen that the integral, rather than converging to a
constant value, becomes exponentially small once the radius
of the circle becomes much larger than £. It follows that,
in such a theory, depending on the choice of the Burgers
circuit, an accumulation of excess dislocations may have
no Burgers vector at all. We conclude that the back stress
should not be used to replace the long-range dislocation
interaction.
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