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Abstract

This article reviews and expands on recent research by the author on the develop-
ment and applications of a new approach to the description of heterogeneuos plastic
deformation in materials. The equations of motion of three-dimensional (3-D) inter-
acting dislocation loops are developed on the basis of irreversible thermodynamics.
Variational methods are utilized to obtain the specific forms of these equations. The
method is aimed at facilitating large-scale computer simulations of inhomogeneous
plastic deformation, and associated applications in pattern-forming plastic instabili-
ties. Each dislocation segment is represented as a parametric space curve of specified
smooth shape functions and Degrees of Freedom (DF) associated with beginning and
end nodes. Kinetic equations for specific generalized coordinates describing disloca-
tion motion are derived. For general climb/glide 3-D motion of a curved dislocation
segment, the number of degrees of freedom Npr = 3n, where n = 1 for linear; n = 2
for cubic; and n = 3 for quintic parametric splines, respectively. It is also shown
that the position P, tangent T, and normal IN vectors at segment nodes are sufficient
to describe general 3-D dislocation motion. For constrained glide motion, however,
we also show that only two degrees of freedom are adequate for determination of
dislocation loop profiles, including crystal structure constraints. A fast sum method
for determination of the elastic field of dislocation ensembles is developed and ap-
plied to determine displacements, strains, stresses, energies and forces associated with
arbitrarily curved dislocation loops. A number of examples are given to illustrate
the following features of the method: (1) adaptive node generation on interacting seg-
ments, (2) variable time-step determination for integration of the equations of motion,
(3) dislocation generation by the Frank-Read mechanism in Face Center Cubic (fcc),
Body Center Cubic (bec) and Diamond Cubic (dc) crystals, (4) loop-loop deformation
and interaction, (5) formation of dislocation junctions, and (6) dislocation microstruc-
ture evolution.

1 INTRODUCTION

A fundamental description of plastic deformation has been recently pursued in many
parts of the world as a result of dissatisfaction with the limitations of continuum plas-
ticity theory. Although continuum models of plastic deformation are extensively used in
engineering practice, their range of application is limited by the underlying database. The



reliability of continuum plasticity descriptions is dependent on the accuracy and range
of available experimental data. Under complex loading situations, however, the database
is often hard to establish. Moreover, the lack of a characteristic length scale in contin-
uum plasticity makes it difficult to predict the occurance of critical localized deformation
zones. Although homogenization methods have played a significant role in determining
the elastic properties of new materials from their constituents (e.g. composite materi-
als), the same methods have failed to describe plasticity. It is widely appreciated that
plastic strain is fundamentally heterogenous, displaying high strains concentrated in small
material volumes, with virtually undeformed regions in-between. Experimental observa-
tions consistently show that plastic deformation is internally heterogeneous at a number
of length-scales [1]- [4]. Depending on the deformation mode, heterogeneous dislocation
structures appear with definitive wavelengths. It is common to observe Persistent Slip
Bands (PSB’s), shear bands, dislocation pile ups, dislocation cells and sub grains. How-
ever, a satisfactory description of realistic dislocation patterning and strain localization
has been rather elusive. Attempts aimed at this question have been based on statistical
mechanics [5]- [10], reaction-diffusion dynamics [11]- [13], or the theory of phase transitions
[14]. Much of the efforts represented by Refs. [5]- [14] have aimed at clarifying the fun-
damental origins of inhomogeneous plastic deformation. On the other hand, engineering
descriptions of plasticity have relied on experimentally verified constitutive equations.

Because the internal geometry of deforming crystals is very complex, a physically-based
description of plastic deformation can be very challenging. The topological complexity is
manifest in the existence of dislocation structures within otherwise perfect atomic ar-
rangements. Dislocation loops delineate regions where large atomic displacements are
encountered. As a result, long-range elastic fields are set up in response to such large,
localized atomic displacements. As the external load is maintained, the material deforms
plastically by generating more dislocations. Thus, macroscopically observed plastic defor-
mation is a consequence of dislocation generation and motion. A closer examination of
atomic positions associated with dislocations shows that large displacements are confined
only to a small region around the dislocation line (i.e. the dislocation core). The major-
ity of the displacement field can be conveniently described as elastic deformation. Even
though one utilizes the concept of dislocation distributions to account for large displace-
ments close to dislocation lines, a physically-based plasticity theory can paradoxically be
based on the theory of elasticity!

The properties and interactions of simplified dislocation geometries have been the sub-
ject of intensive investigations for the past few decades ([15], [16]). The strength, mechan-
ical, and some physical properties have been rationalized as a consequence of dislocation
behavior in materials. Methods for evaluation of the elastic field of dislocations in mate-
rials are largely based on analytical solutions for special geometries of single dislocation
lines, circular dislocation loops, or finite straight segments ([15], [16]). Interaction forces
and energies between dislocations are also available in closed analytical form for simplified
dislocation line geometries, which involve series summations over Bessel functions [17], or
elliptic integrals ([18]- [21]).

A relatively recent approach to investigating the fundamental aspects of plastic defor-
mation is based on direct numerical simulation of the interaction and motion of disloca-
tions. This approach, which is commonly known as Dislocation Dynamics (DD), was first
introduced for 2-D straight, infinitely long dislocation distributions [22] - [34], and then



later for complex 3-D microstructure [35] - [51]. In DD simulations of plastic deformation,
the computational effort per time-step is proportional to the square of the number of in-
teracting segments, because of the long-range stress field associated with dislocation lines.
The computational requirements for 3-D simulations of plastic deformation of even single
crystals are thus very challenging. It is therefore advantageous to reduce the total number
of Equations Of Motion (EOM) during such calculations. Pioneering 3-D DD simulations
of plasticity using straight segments are based on analytical solutions of the elastic field of
pure screw and edge segments [35] - [45], or segments of mixed character [46]- [50]. Zbib,
Rhee and Hirth [50] have shown that the length of each straight segment is roughly limited
to ~ 50 — 200 units of Burgers vector. Longer segments may have substantial force varia-
tions, thus limiting the usefulness of one single equation of motion for the entire segment.
While Fig. 1 shows a schematic representation for the position of displaced segments, Fig.
2 illustrates force distributions on them. Singular forces and stresses arise at sharp inter-
section points of straight segments, which result in divergence of the average force over
the straight segment as the segment length is decreased, as can be seen schematically from
Fig. 2. When the dislocation loop is discretized to only screw or edge components, which
move on a crystallographic lattice [35] - [45], the accuracy of strong dislocation interac-
tions is compromised because line curvatures are crudely calculated. In addition, motion
of dislocation segments on a fixed lattice produces inherent limitations to the accuracy
of the overall dislocation dynamics. Recently, Schwartz [47] - [49] developed an adaptive
method to reduce the segment size when dislocation interactions become strong. Using a
modified form of the Brown formula [52] for the self-force on a segment, the field divergence
problem for very short segments was circumvented . For closely interacting dislocations,
substantial curvature and re-configuration of dislocations occur during the formation of a
junction, dipole, or other configuration [49]. However, the number of straight segments
required to capture these processes is very large, and the segment size may have to be on
the order of a few Burgers vectors. Most of these difficulties recognized from Figs. 1 and 2
arise from the linear segment approximation, the differential treatment for their equations
of motion, and the required curvature approximation for the self-force.

The study of dislocation configurations at short-range can be quite complex, because
of large deformations and reconfiguration of dislocation lines during their interaction.
Thus, adaptive grid generation methods and more refined treatments of self-forces have
been found to be necessary [47]- [49]. In some special cases, however, simpler topologi-
cal configurations are encountered. For example, long straight dislocation segments are
experimentally observed in materials with high Peierel’s potential barriers (e.g. covalent
materials), or when large mobility differences between screw and edge components exist
(e.g. some BCC crystals at low temperature). Under conditions conducive to glide of
small prismatic loops on glide cylinders, or the uniform expansion of nearly circular loops,
changes in the loop shape is nearly minimal during its motion. Also, helical loops of nearly
constant radius are sometimes observed in quenched or irradiated materials under the in-
fluence of point defect fluxes. It is clear that, depending on the particular application
and physical situation, one would be interested in a flexible method which can capture
the essential physics at a reasonable computational cost. A consequence of the long-range
nature of the dislocation elastic field is that the computational effort per time step is pro-
portional to the square of the number of interacting segments. It is therefore advantageous
to reduce the number of interacting segments within a given computer simulation, or to



Figure 1: Discretization of a dislocation loop with linear segments leads to loss of connec-
tivity when the equations of motion are developed only for mid-points.

develop more efficient approaches to computations of the long range field ( [26], [31], [50]).

Dislocation loops in DD computer simulations are treated as dynamical systems, which
can be described by the time dependence of specified coordinates. Obviously, if one at-
tempts to solve the equations of dynamics for each atom within and surrounding the
dislocation core, the number of equations is prohibitively large. On the other hand, if one
knows that certain modes of motion for groups of atoms are closely-linked, many equa-
tions can be adiabatically eliminated, as is now conventional in the treatment of dynamical
systems. Thus, instead of developing equations for the geometry of each single atom, one
can find a much smaller set of geometric generalized coordinates, which would adequately
describe the dynamical behavior of an entire dislocation loop. In Lagrangian descriptions,
a number of generalized coordinates, ¢, is selected, where the subscript r represents a
specific Degree of Freedom (DF) for the dynamical system. In a numerical computer sim-
ulation, however, the size of the system depends on available Npr. Within the context
of DD, one would expect that Npg is relatively small in loops which conform to specific
crystallographic or mobility constraints, while Npg can be somewhat large in situations
where strong interactions, cross-slip, or similar processes take place. In general, it is not of
interest to follow every wiggle and bump on dislocation lines, unless such details develop
into full-fledged instabilities. For specific applications, however, we intend to reduce Npg
as much as reasonable for the description of the physical situation at hand. This will be
clarified by a number of examples, where physical constraints are imposed on dislocation
motion.

Our plan here is to describe the equations of motion for generalized coordinates in
much the same way as in Lagrangian mechanics. Regardless of the dislocation loop shape
complexity, we will develop an integral equation of motion for each curved segment within
the loop, such that only relationships between global thermodynamic variables are obeyed.
For concreteness, we focus the current approach on dislocation line representation by
parametric dislocation segments, similar to the Finite Element Method (FEM). Thus,
the equations of motion for the transport of atoms within the dislocation core should be



Figure 2: Force distribution on the straight segment AB from neighboring segments shows
singular behavior at sharp corners. Force averaging over linear segments diverges as its
length is decreased.

consistent with the thermodynamics of irreversibility. A challenging prospect in such a
description is the enormous topological complexity of materials containing dislocations.
Dislocation lines assume complex shapes, particularly during heavy deformation and at
high temperatures where they execute truly 3-D motion as a result of combined glide
and climb forces. These dislocations can be highly curved because of their strong mutual
interactions, externally applied stress fields, as well as other thermodynamic forces. It is
apparent that whenever large curvature variations are expected, the accuracy of computing
the dynamic shape of dislocation loops becomes critical.
The motivation behind the current work can be stated as follows:

1. To reduce the computational burden by providing a high degree of flexibility in the
selection of both length and shape of a dislocation segment.

2. To avoid numerical problems arising from singularities at intersecting straight seg-
ments.

3. To calculate the self-force on dislocation segments with a high degree of accuracy.

4. To provide a flexible tool which sheds more light on the physics of close-range inter-
actions involving in-plane high curvature variations.

5. To effectively deal with the physics of climb and cross-slip, which require out-of-plane
dislocation line curvature.

Although the theoretical foundations of dislocation theory are well-established (e.g.
[15], [16], [53]- [54]), efficient computational methods are still in a state of development
(e.g. [39], [50], [55]- [57]). Other than a few cases of perfect symmetry and special
conditions ( [18], [19], [17],), the elastic field of 3-D dislocations of arbitrary geometry
is not analytically available. The field of dislocation ensembles is likewise analytically



unattainable. We plan, therefore, to present the main elements of 3-D dislocation theory
such that the restrictions and limitations of the present computational method are clarified.
The main steps in deriving equations for all field variables will thus be given, while the
interested reader can find more helpful details in references ( [21], [54], [57]).

The article is organized as follows. First, a brief review of experimental observations
on inhomogeneous plastic deformation is given in Sec. 2. This is followed by a discussion
of irreversible thermodynamics of dislocation motion in Sec. 3, in which we discuss energy
components and entropy production during loop motion. This leads to an integral form
of the variation in Gibbs energy in Sec. 4. A weak form of a variational procedure is
pursued to formulate the equations of motion for the degrees of freedom based on the
Galerkin approach. Differential geometry of complex dislocation loops, as well as associ-
ated computational protocols which are used to handle close-range interactions are then
discussed in Sec. 5. In Sec. 6, we present a self-sufficient outline of a calculation proce-
dure for the elastic field variables (e.g. displacement, strain, stress, energy and forces) for
complex-shape dislocation loops. Several test cases for verification of the fast sum method
are then given in Sec. 7. We compare calculation results for the stress field and energies
of dislocation loops with those of known analytical and numerical solutions. Computer
simulations of several problems of loop-loop interaction and dislocation generation in fcc,
bee and diamond cubic (dc) Si crystals are given in Sec. 8 . Finally, conclusions and
discussions follow in Sec. 9.

2 EXPERIMENTAL EVIDENCE OF INHOMOGENEOUS
PLASTIC DEFORMATION

Plastic deformation of materials has been observed to be heterogeneous at several length
scales. At the macroscopic level, shear bands are known to localize plastic strain, leading
to material failure. At smaller length scales, dislocation distributions are mostly hetero-
geneous in deformed materials, leading to the formation of a number of strain patterns
([1], [58] - [62]). Generally, dislocation patterns are thought to be associated with en-
ergy minimization of the deforming material, and manifest themselves as regions of high
dislocation density separated by zones of virtually undeformed material. Dislocation-rich
regions are zones of facilitated deformation, while dislocation poor regions are hard spots
in the material, where plastic deformation does not occur [63]. Dislocation structures,
such as Persistent slip Bands (PSB’s), planar arrays, dislocation cells, and subgrains, are
experimentally observed in metals under both cyclic and steady deformation conditions
[64]. Persistent slip bands are formed under cyclic deformation conditions, and have been
mostly observed in copper and copper alloys [60], [65], [66]. They appear as sets of parallel
walls composed of dislocation dipoles, separated by dislocation-free regions. The length
dimension of the wall is orthogonal to the direction of dislocation glide. Fig. 3 shows a
TEM picture of experimental observations of PSB’s.

Dislocation planar arrays are formed under monotonic stress deformation conditions,
and are composed of parallel sets of dislocation dipoles, as shown in Fig. 4. While PSB’s
are found to be aligned in planes with normal parallel to the direction of the critical
resolved shear stress, planar arrays are aligned in the perpendicular direction. Dislocation
cell structures, on the other hand, are honycomb configurations in which the walls have



Figure 3: Transmission microscopy picture of Persistent Slip Bands (PSB’s) in cyclically-
deformed copper. Picture adapted from the work of Essman and Mughrabi [86]

\\\\\V\\\V -
/' . Ll

Figure 4: Plannar dislocation arrays. Picture adapted from the work of Neuhauser [61]

high dislocation density, while the cell interiors have low dislocation density. An example
of the experimental observations of dislocation cells is shown in Fig. 5, while a schematic
illustration of cell evolution from the work of Takeuchi and Argon [67] is illustrated in
Fig. 6. cells can be formed under both monotonic [63], [68] and cyclic [58] deformation
conditions. However, dislocation cells under cyclic deformation tend to appear after many
cycles. Direct experimental observations of these structures have been reported for many
materials (e.g. Refs. [1], [68], [63]).



Figure 5: Dislocation cell structure in Iron. Picture adapted from the work of Reppich

[68]

Figure 6: Schematic of Dislocation cell structure evolution. Picture adapted from the

work of Takeuchi and Argon [67]
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Figure 7: Representation of loop motion in an infinitesimal transition, illustrating ther-
modynamic variables

3 IRREVERSIBLE THERMODYNAMICS OF DISLOCA-
TION MOTION

Consider a body, volume €2 and its boundary S, in thermodynamic equilibrium, containing
a dislocation loop in an initial position (1), as shown in Fig. 7. Under the influence of
external mechanical forces (Fe), and thermodynamic internal forces (F;), the dislocation
loop will undergo a transition from the initial state to a new one designated as (2). Every
point on the dislocation loop line is translated to a new position. In the meantime, material
points in the body will deform elastically. During this transition of states, energy will be
exchanged with the elastic medium, as given by the first law of thermodynamics:

dU" + 6E" = 6Q" + 6C* + SW* (1)

where: dU! is the change in internal energy, 6E' the change in kinetic energy, Q! the
change in heat energy, §C* the change in chemical energy by atomic diffusion, and §W?* the
change in its mechanical energy. The left hand side of Eq. 1 represents the total change
in the energy of the body. We will ignore here changes in the kinetic energy, and restrict
the applications of the present model to dislocation speeds less than approximately half
of the transverse sound speed (see Refs. [46], [69], [70] for the effects of kinetic energy on
the dynamics).

Now the total internal energy can be written as a volume integral: dU' = [dUdS,

where dU is the specific (per unit volume) change of the internal energy. The mechanical
power is composed of two parts: (1) change in the elastic energy stored in the medium
upon loop motion under the influence of its own stress. This is precisely the change in
the loop self-energy within a time interval d¢, (2) the work done on moving the loop as
a result of the action of external and internal stresses, excluding the stress contribution
of the loop itself . These two components constitute the Peach-Koehler work. Thus:
SWt = [ oirdeirdQ. Care must be exercised in evaluating the elastic field variables, as
Q

will be discussed later. The change in the total chemical energy can be written as a



volume integral of the chemical potential p;, over the atomic concentration change dn;,
which is negative for mass transport out of the volume. Additionally, if loop motion
produces geometric defects (e.g. jogs and vacancies), chemical energy is deposited. Thus:

5Ct = [ <de -3 ,uidni) dS). Finally, the net change in the heat energy is composed of
Q i

two parts: (1) heat energy (dH*) generated by the loop as a result of atomic damping

mechanisms (e.g. phonon and electron damping), and (2) heat transported across the

boundary to the external reservoir, which is negative by convention. Hence, we have:

5Qt = [dH*dQ) — [ QedS. Here Q is the outgoing heat flux at the boundary. Using the
Q S

divergence theorem for boundary integrals, we obtain:

/ [(dU —dH* — de) + (Qk,k + Z pidn; — Uikdﬁik) dQ2=0 (2)
Q i

We will denote the enthalpy change dH = dH* + dP,;, as the energy dissipated in
defect generation and as heat. It is noted that in the special case where there is no
heat or mass transport (i.e. Q;; = dn; = dP; = 0), no loop motion (i.e. dWpg = 0),
and under a hydrostatic stress field (i.e. o5 = —Pd;i), we get: oipdeix = —Pdijrde, =
—Pde;; = —PdV, for a unit initial volume. Thus, we recover the familiar relationship
between enthalpy and internal energy: dU = dH — PdV. For an isothermal process, the
Gibbs energy change is given by: dG = dH — T'dS. Thus:

Gt = / [(dU —TdS) + (Qi;i + Z pidn; — odeir) | dQ (3)

o i
In addition to energy conservation, loop motion must result in a total increase in the
entropy of the body and its surroundings. The Clausius-Duhem statement of the second
law of thermodynamics can be phrased as [71]: "the total entropy production rate of the
body and its surroundings must be positive for an irreversible process”. Following Erringen

[71], and Malvern [72], we construct the following entropy production inequality for the
solid:

5q>t:55t—B—/E.dszo (4)
S

where §®!' = [ ®d() is the total entropy production during dt, 65 the total change in
Q
entropy, b the local entropy source per unit volume with B = [bdQ2, and E the entropy
Q

influx due to heat input across the boundary §. Utilizing the divergence theorem again
in Eq. 4, we obtain the following inequality per unit volume:

& =065—-b—Epr=>0 (5)
Now, the entropy flux crossing the boundary is: 2 = %, and the flux divergence is given
by:
- Qk) 1 1
Zkr=|—==] ==0Qr(InT)), — =
Kk ( T), 7@r(nT)) k= 7 Qhpk (6)

)
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While the local entropy source is given by:

dH 1
B= / = / = AU + Qup — oipdes + Y pudng | 2 (7)
Q Q v
Substituting Eqs. 6 and 7 into Eq. 4, we obtain:
/ {(dU —TdS) + Qk(lnT)’k — oipdeir + Zuidni} dQ <0 (8)

Q

Comparing the entropy production inequality 8 with Eq. 3, we can immediately see that a
consequence of irreversibility (i.e. entropy production) is a decrease in Gibbs free energy.
Following arguments similar to Erringen [71], we write the internal energy in terms of
entropy variations as:

5G = / [(8_(] = T)38 + Q(In(T)) j, = oipdeir + 3 ,ul-dnl-] dQ <0 9)

Since the inequality must be valid for all variations of 4.5, its coefficient must vanish [71],
[72]. Thus, the principle of entropy production results in the following statement:

Gt = / le(lnT)J€ — opdeir + Zmdni dQ <0 (10)

Q

Under conditions where heat generation during dislocation motion is significant (e.g.
high-speed deformation), additional equations must be solved for the coupled point-defect
and heat conduction. Thus, equations for point-defect conservation, as well as generalized
forms of Fick’s and Fourier laws must be added. These are expressed in the following:

Q*C
Jy = —D;jCi— Di (W) T; (12)
Qat = —kriTi— Q" DinC; (13)

where k;q is the thermal conductivity tensor, D} the diffusion tensor of defect v, Q* the
corresponding heat of transport, and Q) the rate of change of the thermal energy.

We treat here the specific case where thermal effects are small (i.e. the first term in Eq.
10 is ignored), and where climb motion of the dislocation loop is a result of point defect
absorption (i.e. the third term in Eq. 10 is summed over only vacancies and interstitials).
In Eq. 10, the volume integrals of the elastic term and the chemical term (osmotic) can be
converted to line integrals over the dislocation loop. The stress tensor acting on any point
is decomposed into a contribution resulting from the loop itself (i.e. self- stress az(,‘:)), and
a contribution resulting from other dislocations, defects, Peierls stress, and the applied

stress field (i.e. external stress UZ(;)). Thus, when the stress tensor in Eq. 10 is written

as: o = UZ-(;:) + O'i(z), the elastic term results in two contributions to Gibbs energy, while
the chemical term results in one additional contribution. We outline in the following how

these three contributions can be converted to line integrals over the loop.
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Now consider an infinitesimal variation in the position of a dislocation loop, depicted
by the motion of the segments |J(AB,BC,CD,--) in a time interval §t. During this
motion, the dislocation core line length has changed from L to L + AL. The dislocation
line vector is denoted by ds = t | s |, and the change in position for every atom on the
dislocation line is described by the vector dr. For the change in the amount of work done
on the dislocation loop during its transition from state(1) to state(2) in Fig. 7 above, we
assume that the stress field is uniformly acting on every surface element dA = b x ds. The
associated element of virtual force is: dF = 3 e dA. During loop motion from state(1) to
state(2), the variation in this Peach-Koehler work [73] obtained by integration along the
path T is given by:

/[aikqu]@dﬂ — Wk = de o b1 = f(b x ds e ) e or (14)
Q T

(beX xt)edr|ds|

(eijk O’jmbmtkéri) ’ ds ‘

The unit vector t is tangent to the dislocation line, and lies on its glide plane, while
€ijk is the permutation tensor.

The total self- energy of the dislocation loop is obtained by double integrals along the
contour I'. Gavazza and Barnett [74] have shown that the first variation in the self- energy
of the loop can be written as a single line integral of the form:

[foudeat a0 = § (|50 - E© + £@)m | k- 7P ) nedras) + a0, (13

ER

where n is normal to the dislocation line vector t on the glide plane, and £ =| b/2 | is
the dislocation core radius [21]. The first term results from loop stretching during the
infinitesimal motion, the second and third are the line tension contribution, while J(L, P)
is a non-local contribution to the self-energy. The dominant contributions to the self-
energy (or force) are dictated by the local curvature x, and contain the pre-logarithmic
energy term E(t) for a straight dislocation tangent to the loop at point P, and its second
angular derivative E”. [dU] is the contribution of the dislocation core to the self-

core
energy. Defining the angle between the Burgers vector and the tangent as a = cosil(%),

Gore [75] showed that a convenient computational form of the self- energy integral for an
isotropic elastic medium of v = % can be written as:

2 2
[ foudeal® e = § (< (B + B @) + () R o
ER 647 2m
o) T
(16)
where the energy pre-factors are given by:
b2
E(a) = h(l — v cos’a) (17)
b2 v
B T o5 2 1
() 21 = V)cos a (18)

12
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Figure 8: 3-D motion of a curved dislocation segment involving in-plane glide and out-of-
plane climb.

Accurate numerical calculations of the self-energy of any complex-shape loop have been
performed by Ghoniem and Sun [56], where the double line integral is converted to a fast
summation over the loop segments and quadrature points. However, a purely numerical
method for evaluation of the self-energy requires intensive computations because of the
need to use large quadrature order for good accuracy [56]. Eq. 16 is an alternate convenient
approximation, in which the contributions of various terms are easily computed. Schwarz
[48] conducted a numerical study to determine the effects of various terms on the self-
force, and concluded that the major contribution results from the first two terms in Eq.
16, which are the usual line tension approximation. However, the relative importance of
the third term (which represents contributions from the dislocation core and dislocation
line stretching) and fourth term (which is an approximation to non-local contributions
from other parts of the loop) can be seen by a simple argument. The non-local term is
obtained by approximating the loop as a pure shear loop at an average curvature of .
For a reasonable size loop of approximate radius in the range 1000 — 10000 | b |, it can
be shown that the total contribution of non-local, core and stretch terms is on the order
of less than 18%. The contribution of the non-local term is about half of this amount for
purely edge components. Hence, a computationally efficient and very accurate method is
obtained when all contributions are combined in Eq. 16.

Absorption of point defects by dislocation segments can be treated by considering the
influence of the chemical term in Eq. 10 on its motion. Incorporation of atomic defects
into dislocation cores leads to dislocation climb. The thermodynamic force associated
with this motion is referred to as the osmotic force. As illustrated in Fig. 8, during climb
motion of atoms within the dislocation core, the number of vacancies (or interstitials) per
unit length dnT”, changes by the amount:

dny, |b|medr
7= o, (19)

where 2, is the vacancy (interstitial) volume, and m is a unit vector normal to the glide

13



plane (see Fig. 8). The change in chemical potential per vacancy (interstitial) is given by:

C, )
cy!

py = kT In ( (20)

Here C, is the non-equilibrium concentration of vacancies (or interstitials), which may
result from quenching, a sudden change in temperature, irradiation or an externally applied
stress [78], and C5? is the thermodynamic equilibrium concentration of the atomic defect.
The corresponding contribution from point defect flow to the variation in Gibbs energy for
the entire loop can now be obtained by line integration. Incorporating Eqgs. [14,16,19,20]
into inequality 10, we obtain:

5Gt:_?{(f5+f0+fp;{)oér|ds|§O (21)
r

where we define the following generalized thermodynamic forces:
o fpr = the Peach-Koehler force per unit length = b e 3 x t
o fg = the self- force per unit length

21 + cos2a) n _(2 cosa — 1)] 0
64m : 2

(—n [B(a) + B"(0)] In( ) + [

e fo =the total Osmotic force [46] for defect v per unit length = — >~ k‘TS‘% In (C%%) m
¥ Y

where v = (—1) for vacancies and(+1) for interstitials

In compact tensor form, Eq. 21 can be written as:

5Gt = —ff,gark |ds|<0 (22)
I

where f}i is the k-component of the total force: f! = fg + fo + fpx, and 6ry is the
displacement of core atoms in the k-direction.

4 VARIATIONAL FORMULATION FOR THE EQUATIONS
OF MOTION

4.1 Governing Integral Equation

Inequality 10 suggests that the components of Gibbs energy can be written as conjugate
pairs, representing the inner products of generalized thermodynamic forces and generalized
displacements. The equations of motion can thus be obtained if one defines an appropriate
set of generalized coordinates and conjugate generalized thermodynamic forces, in such
a way as to result in entropy production and a corresponding decrease in §G during a
virtual infinitesimal transition. Let’s assume that atoms within the dislocation core are
transported in some general drift force field, as a consequence of the motion of atomic size
defects (e.g. vacancies, interstitials, kinks and jogs). The drift velocity of each atom is

14



given by Einstein’s mobility relationship: V) = %ka, where V) is the drift velocity, D
is a diffusion tensor, and f) is a generalized thermodynamic force representing process .
Similarly, the flux resulting from a given process can be related to a corresponding ther-
modynamic force. We consider here three thermodynamic forces: (1) forces of mechanical
origin (i.e. Peach-Koehler forces), as a result of variations in virtual work on the disloca-
tion loop and variations in the stored elastic energy in the medium when the dislocation
changes its shape, (2) gradients in point defect concentrations within the surrounding
medium (i.e. chemical forces), and finally (3) temperature gradient forces associated with
heat flow.

A generalization of the previous analysis can be accomplished if one postulates that
near equilibrium, thermodynamic forces are sufficiently weak that we might expand the
flux in a power series in fy [76]. Let’s denote Ji({f\} as type-k flux as a result of a general-
ized thermodynamic force A, {fy}. Thus, a generalization of Einstein’s phenomenological
transport relationship is given by:

J.({6)) = }:(2;5) <—%;<8Z;En>sanl+.”. (23)

In the linear range of irreversible processes, Eq. 23 is restricted to only the first
two terms in the expansion. Moreover, at thermodynamic equilibrium in the absence
of generalized forces, all modes of atom transport vanish, and the first term, J(0), is
identically zero. Taking the velocity of atoms on the dislocation line (i.e. representing
the core) to be proportional to the atomic flux, and defining generalized mobilities via

a mobility tensor L with components: L;; = (%\fgi)o’ the phenomenological relationship

(Eq. 23) is simplified to:

s({fA}) Z Lpxfy (24)

As a consequence of the increase in entropy production @, or equivalently the decrease
in Gibbs energydG, Prigogine [76] showed that: Lgyfgfy > 0. This relationship gives a
positive definite quadratic form, which imposes restrictions on the matrix of coefficients to
be positive. The generalized mobilities L;; are subject to additional temporal symmetries
as a result of the principle of detailed balance, as shown by Onsager [77] : Lgy = Lyg.
The mobility matrix relates the influence of an independent thermodynamic force of the
A-type to the partial flux of the k-type. In most applications of DD so far, the mobility
matrix Lyg is assumed to be diagonal and independent of the type of thermodynamic
force. However, we will assume that dislocation mobility is spatially anisotropic, since the
speed of screw segments is usually smaller than edge segments as a consequence of the
crystal structure. These simplifications lead to direct proportionality between the velocity
and total force along each independent direction. Thus, we can denote B, as a diagonal
resistivity (inverse mobility) matrix, and substitute in Eq. 22 to obtain the following
equivalent from of the Gibbs energy variation:

5@:-%Bﬁmwmﬁ\ (25)
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The resistivity matrix can have three independent components (two for glide and one
for climb), depending on the crystal structure and temperature. It is expressed as:

By 0 O
[Bak] = 0 Bz 0 (26)
0 0 Bs

Combining Eq. 22 with Eq. 25, we have:

7{ (f£ = BaVa) o7 | ds |= 0 (27)
T

The magnitude of the virtual displacement drj is not specified, and hence can be arbi-
trary. This implies that Eq. 27 is actually a force balance equation on every atom of the
dislocation core, where the acting force component f}. is balanced by viscous dissipation
in the crystal via the term B, V). However, this is not necessarily desirable, because one
needs to reduce the independent degrees of freedom which describe the loop motion, yet
still satisfies the laws of irreversible thermodynamics described here. To meet this end,
we develop a general method, with greatly reduced degrees of freedom for the motion of
dislocation core atoms.

4.2 The Galerkin Method

Assume that the dislocation loop is divided into Ny curved segments, as illustrated in Fig.
1 . The line integral in Eq. 27 can be written as a sum over each parametric segment j,
ie.,

Ns
> [ ori(st = Bui) | ds |= 0 (29)
j=1"7

Note that in Eq. 28, we sum over the number of segments j and follow the standard rules
of 3-D tensor analysis. We now choose a set of generalized coordinates ¢, at the two ends
of each segment j. Then, the segment can be parametrically described as:

NpFp

m=1

where Cjy, (u) are shape functions, dependent on the parameter u (0 < u < 1). Eq. 29 is a
general parametric representation of the dislocation line for segment j. Possible convenient
parameterization methods are discussed in Refs. [25], [56]. In Sec. 5 we introduce quintic
splines as flexible and convenient parametric curves for complex dislocation loop geometry,
while the applications in Sec. 7 illustrate the utilization of several types of parametric
elements on the same loop. It is noted that the index m is assumed to be summed from
1 to Npr, where Npr is the number of total generalized coordinates at two ends of the
loop segment. Accordingly, the three components of displacement vector are given by:

Npr

or; = Zﬂ Cim(uw)dqm, (30)
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On the other hand, we have for the velocity of any point on the dislocation line, within
segment j:
Nprp

Ve =7kt = Y, Chnlnyt (31)

n=1
And the arc length differential for segment j is given by:
Npr 2

1
| ds | = (rpurin)2du = Z @WCipuCisugs | du (32)
p,s=1

An ensemble of dislocation loops is considered a continuous dynamical system, where
every point on dislocation lines is subject to continuous displacement. The finite element
process in continuum mechanics is based on approximating the continuous displacement
field by a linear combination of piece-wise known shape functions over specified domains.
To obtain the unknown coefficients in the linear combination, an integral form of the
governing equation is formulated, and an element-by-element assembly is extracted. The
result is a system of equations for standard discrete systems, which can be handled by
numerical methods. We will follow a similar approach here, in which the weight functions
in the integral form are the same as the shape functions of the problem. Minimization
of the weighted residuals results in symmetric matrices, which simplifies integration of
the equations of motion. This variational approach is thus coincident with the Galerkin
method as a special case of the method of weighted residuals. Recently, a number of
investigators formulated microstructure evolution problems in a similar manner (see, for
example Refs. [79], [80]).

At this point, we may substitute Eqs. 30, 31, and 32 into the governing Eq. 28, and
obtain the following form:

Ny, LnNpp NpF Npr %
Z/ Z Qm zm fzt — Bi, Z Cann,t Z Qpclp,ucls,uqs du =0 (33)
j=1p m=1 n=1 p,s=1

Appropriate collection of terms into more convenient functions can reduce the apparent
complexity of this form of the equation of motion. We will define here two such functions:
an effective force and an effective resistivity. A generalized force, fn,, is defined as:

1 Npp i

p,s=1

while a resistivity matrix element, v,,,, is given by:

Npr 2

1
Vi, = /0 Cim (W) BirCrn () | > @CipuCisuts | du (35)

p,s=1

It is noted that [y,,] is a symmetric matrix because of the structure of the above defini-
tion and symmetric mobilities. With these two parameters defined above, the variational
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integral form of the Gibbs energy equation is readily transformed to a discrete form, given
by:

Ns [Npr Npr
Z Z 5QTTL(fm - Z 'Yann,t) =0 (36)
7j=1 | m=1 n=1

For the entire dislocation loop, we map all local degrees of freedom q(j ) of each segment
j onto a set of global coordinates, such that the global coordinates are equal to the local
coordinates at each beginning node on the segment:

{Q1 7q§1)7q:(51)7 """ 7q§2)7q§2 7Q3 PR }_{Q17Q27Q37' 7QN}T (37)

where IV is the total number of degrees of freedom of the loop. Similar to the finite element
procedure, the local segment resistivity matrix [y,,,] is added into corresponding global
locations in the global resistivity matrix [I'y;], such that:

Ns Npr Nprp Ntot Ntot
SN Bamvmnand =3 D 6T Qs (38)
j=1m=1 n=1 k=1 [=1

where Nt = NsNpp is the total number of degrees of freedom for the loop. The global
resistivity matrix [['y] is also symmetric and banded or sparse. The component I'y; is zero
if the degrees of freedom k£ and [ are not connected through a segment. In addition, the
global force vector {Fj} can similarly be represented as

Ns Npp Niot
S BamfulV =3 Q1T (39)
j=1m=1 k=1

Therefore, Eq. 36 can be expressed as:

Niot Niot
Z 0Qk <-7:k - Tu t) = (40)

=1

Since the virtual displacements in the generalized coordinates are totally arbitrary, the
previous equation can only be satisfied if:

Niot

Fi=> TuQu (41)

=1

Eq. 41 represents a set of time-dependent ordinary differential equations which describe
the motion of dislocation loops as an evolutionary dynamical system. Similar microstruc-
ture evolution equations have been derived by Suo [80] in connection with grain and void
growth phenomena. Furthermore, the above spatially resolved equations can be discretized
in time by the so-called generalized trapezoidal family of methods [81] as:

Niot
Z F(nJra (n+1 Z F n+a + At]_-]gnJra) (42)
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Segment 2

Segment 1

Figure 9: A space dislocation loop discretized into a finite number of curved segments, N,

where At is the time-step and n is the time-step index. In addition, « is a parameter,
which determines explicit or implicit time-integration, taken to be in the interval [0,1] such
that:

a=0  —for forward difference integration (Euler) ;

a=1/2 — for midpoint or trapezoidal integration;

a=2/3  — for Galerkin integration, and ;

a=1  —for backward difference (Euler) integration.

5 COMPUTATIONAL GEOMETRY OF DISLOCATION
LOOPS

The core of an arbitrary-shape, 3-D dislocation loop can be reduced to a continuous line.
Assume that the dislocation line is segmented into (ns) arbitrary curved segments, labeled
(1 < i <mng), as shown in Fig. 9. For each segment, we define #(u) = P(u) as the position
vector for any point on the segment, T(u) = T't as the tangent vector to the dislocation
line, and N(u) = Nn as the normal vector at any point (See Fig. 10). The space curve is
then completely described by the parameter u, if one defines certain relationships which
determine #(u). Note that the position of any other point in the medium (Q) is denoted
by its vector r, and that the vector connecting the source point P to the field point is
R, thus R =r — . In the following developments, we restrict the parameter 0 < u < 1,
although we map it later on the interval —1 < 4 < 1, and @ = 2u — 1 in the numerical
quadrature implementation of the method.

To specify a parametric form for #(u), we will now choose a set of generalized coordi-
nates ql(-] ) for each segment (j), which can be quite general. If one defines a set of basis
functions C;(u), where u is a parameter, and allows for index sums to extend also over the
basis set (i = 1,2, ..,I), the equation of the segment can be written as:

20 (u) = 4 Ci(u) (43)



Or, in compact component (k) form, this can be put as:
) = g Ciw) (44)
Thus, the components of the displacement vector are given by:
5fl(€j)(u) = 5q§,z)Ci(u) (45)

At this point, we must specify the form of parametric description for the dislocation
line. Although this step is open to pure computational convenience, we present here those
parametric forms which we use later in this work. Parametric dislocation representation
discussed below are also sufficient to describe the majority of experimentally observed
dislocation line geometry.

5.1 Circular, Elliptic and Helical Loops

Small prismatic loops of circular (or nearly elliptic) shapes are observed in many materials
under deformation, irradiation and quenching conditions [82]. Helical loops of unusual
regularity have also been experimentally observed under large vacancy supersaturation
[82]. Therfore, it seems natural to use a simple representation for such loops, where the
shape functions are given by:

C1 = cos(2mu), Co = sin(2mu), Cs=u (46)

And their parametric derivatives, which we use later in determining the arc length, are
simply given by:
Cru = —27Co, Cru = 27Cy, C3u=1 (47)

Note that in this case, the description is not in Cartesian coordinates, and that the gen-
eralized degrees of freedom are given by:

Q= a, g =, ;and g3 =c (48)
Loop motion is described in terms of the time variations of the generalized coordinates,
a,b, and c.
5.2 Linear Parametric Segments

The majority of 3-D dislocation dynamics developments are based on analytic solutions
to the elastic field of linear segments [35]-[49]. Sometimes it is just as convenient to use
a purely numerical method, without any loss of computational speed or accuracy [56].
Under these conditions, the shape functions C;(u) and their derivatives C; ,, take the form:

Ci=1—-u Cr=u and (49)
Clu=-1 Cau=1 (50)

The available degrees of freedom for a free, or unconnected linear segment (j) are just the
position vectors of the beginning(j) and end (5 4+ 1) nodes. Thus:

qgg = P,gj), and qé{c) = P,gjﬂ) (51)
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Figure 10: Basic elements of a space curve representing one dislocation segment

5.3 Cubic Spline Parametric Segments

The self-force on a dislocation segment can be approximated as a simple function of its
curvature ( [15], [16], [74]). To allow for continuity of the self-force along the entire dislo-
cation loop, and to capture non-linear deformations of the dislocation line itself during, a
higher order parametric representation is desired. For cubic spline segments, we use the
following set of shape functions, their parametric derivatives, and their associated degrees
of freedom, respectively:

Ci=2u%-3u?+1, Co=-2+3u? C3=uv>—2u>+u, and Ci=u’—u® (52)
Ciu=6u?—6u, Cou=—6u>+6u2, C3,=3u?—4u+1l, and Cyy=3u®>—2u (53)
A . . - A . A -

ail =P e =P’ @) =10 and ¢ =777V (54)

5.4 Quintic Spline Parametric Segments

A dislocation loop is divided into a set of curved segments connected at their end nodes,
with each segment represented as an independent parametric space curve with parameter
u varying in the range 0 to 1. A general vector form of the dislocation line equation for
segment (7) can be expressed as:

r0)(u) = zn:A~j) u (55)

where n is a polynomial order and A; represent the associated vector coefficients. The
value of n determines the segment type. Thus, when n = 1 the segment is a straight line,
when n = 3 the segment is a cubic polynomial and when n = 5, the segment is a fifth-order
(quintic) polynomial. The coefficients A; are determined by boundary conditions imposed
on beginning and end nodes. These boundary conditions can be described in terms of
specified geometric properties, such as the nodal position, tangent, curvature, or torsion.
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To solve for the six coefficients Ag to Aj of a quintic spline segment, we have to assign six
independent vectors, to be determined by six boundary conditions r)(0), r¥) (1), r%) (0),
r,(ﬁ)(l), r,(%(O), and r(QL( 1), where r(j) = dr")) /du and r(j) = d?rU) /du?. Geometrically,
r()(0) and r@) (1) are the position vectors of nodes j and j + 1, i.e., P) and PU+D . The
vectors r,(ﬂ) (0) and rfu)(l) are the tangent vectors of nodes j and j + 1, i.e., T(] )¢ and

Tl(gj g0 11| respectively, where Té) and T]g U are magnitudes of tangent vectors at the
end (E) and beginning (B) of each segment, while the unit vectors t¥) and tU*1) are the

dislocation sense vectors at nodes j and j+ 1, respectively. The vectors r(J ) +(0) and r(j ) (1)
are linear combinations of the tangent and normal vectors because they lie on the plane
spanned by them. Because the resultant loop profile is a composite curve, dislocation line
continuity may not be maintained at each node if boundary conditions on segments are
arbitrarily assigned . In general, C°(position) and C'(tangent) continuity can be easily
satisfied if we assign the same position and tangent vectors at each node. However, since
self-forces on dislocation segments are proportional to the local curvature (see Eq. 16, C?
continuity will ensure the continuity of self-forces at segment nodes as well. The curvature
of a general point on segment j can be expressed as

I ) x r%(u)ll (56)

1wl

To maintain C? continuity at each node, we let the curvature of the end point of segment
7 be equal to the curvature at the beginning node of curved segment j + 1.

e () < @I 5V 0) x kP )
. 3 3
e (1) (AR

(57)

From Eq. 57, and the fact that r(j ), is a linear combination of T&N, the tangent component
of vector r(uL does not influence the line curvature. Therefore, we can just assign the
normal vectors N UInG) and Ng UFDRG+D for r(%( 1) and r(] i )(O), respectively, where

Né and N g +1) represent magnitudes associated with the unit vectors n'¥) and n+1).
After substituting all boundary conditions into Eq. 55 and rearranging terms, we obtain:

r0)(u) = CPY 4P U 4oV 60 1.0, TV 40+ 4 e N ) g NY T+ (58)

Note that the superscript on the LHS of Eq. 58 refers to segment j, while on the RHS, it
is associated with nodes j and j + 1 on the same segment. The coefficients C; to Cq are
invariant shape functions, and can be expressed in terms of parameter (0 < u < 1) as:

C1 = —6u’ 4+ 15u* — 10u® + 1

Cy = 6u® — 15u* + 1003

C3 = —3u® + 8u* — 6u + u

Cy = —3u® + Tut — 43

Cs = —0.5u” + 1.5u* — 1.5u° + 0.5u>
Ce = 0.5u° — u* + 0.5u>
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We can cast the parametric Eq. 58 into a convenient matrix form for a single parametric
quintic spline of a segment, if we re-organize the generalized coordinates ¢,, as:

{gm} = {a1, 2. 43, -, qus}" (59)

where the first nine components are for the beginning node of the segment; with ¢; — g3
being three components of position, ¢4 — g¢ three components of the tangent vector, and
q7 — g9 three components of the normal vector. Correspondingly, qi9 to ¢i1s indicate all
coordinates at the end of a segment. The shape functions for the quintic spline can also
be organized in the following matrix form:

¢ci 0 0 Cg 0 0O C5 0O O C O 0 C4 O 0 C 0 0
Cim]=10 C¢ 0 0 C3 0 0 Cs 0 0 Co 0 0 C4 O 0 C¢ O
0O 0 C¢ 0 0 Cg3 0 0 C5 0 0 C 0 0 C4 0 0 Cq
(60)
With this notation, Eq. 58 can be cast in the computational form of Eq. 29. The
total number of available degrees of freedom for a quintic spline segment is thus equal to
the number of components in the Cartesian vector ¢,, i.e. Npr = 6 x 3 = 18. However,
because of geometric and physical restrictions on dislocation motion, Npr can be greatly
reduced, as we will discuss next.
Forces and energies of dislocation segments are given per unit length of the curved
dislocation line. Also, line integrals of the elastic field variables are carried over differential
line elements. Thus, if we express the Cartesian differential in the parametric form:

6y =) du = ¢ €, udu (61)

The arc length differential for segment j is then given by:

. NS . . 1
(D) | = (aae))? = (70,7, ) du (62)
. . 1
= (Q;)gc) Cp,u qgj)c&u) *du (63)

5.5 Constrained Glide Motion and Reduced Degrees of Freedom

It is apparent that general dislocation motion would involve many degrees of freedom
Npr in the most general case. Fortunately, however, Nppr is small in practice. As a
result of segment connectivity at common nodes, only half of the total DF’s are required
per segment, and Npp = 9 for general 3-d motion, and Npr = 6 for motion on a glide
plane. The Peach-Koehler force on the glide plane imposes an additional constraints.
As can be seen from Eqs. 14 and 16 , both external and self-forces on a dislocation
node are along the normal direction n. Also, because net = 0, Npp is reduced further
from 6 to 4 for 2-d glide motion; that is one for the displacement magnitude, two for
the tangent vector, and one for the magnitude of the normal. Furthermore, we introduce
here two additional conditions, which simplify the loop profile calculations even further.
A smoothness condition is invoked such that rapid variations of curvature are avoided
when two segments of vastly different lengths are connected via a composite spline. If the
magnitude of the tangent is not related to nodal positions, undesirable cusps may develop
on the dislocation line. Thus, we take the magnitude of the tangent vector to be estimated
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from the arc length between previous nodal positions on the segment. This criterion is
exact when the parameter u = s, where s is the arc length itself. On the other hand,
the line curvature can be independently computed from the dislocation configuration and
nodal loading in a simple manner. If the forces at the node are not near equilibrium (i.e.
the acting forces are much larger than the self-force), the curvature is determined from
three neighboring nodes on the dislocation line. On the other hand, near equilibrium,
the curvature of a node is readily computed from Eq. 16, once the local external force
is known. These approximations can lead to an additional reduction of two degrees of
freedom, and we are left with solving for only two equations per node. These constraints
can be relaxed, if one is interested in more complex details of dislocation motion. We will
show later in Sec. 7 that dislocation glide motion can be adequately described in most
cases with only two degree of freedom per node.

We derive here the constrained discrete equations of motion, when dislocation lines
are confined to their glide plane. In this special case, there is a total of six independent
unknowns. That is, AP, AP,, AT,, AT, AN,, AN,, which correspond to incremental
displacements, tangents, and normals in the x- and y-directions, respectively. Let us first
consider the geometric constraints. Because the normal is always perpendicular to the
tangent at the node, we have:

(T® + AT) ¢ (N + AN) = 0
AT, AN, + AT,AN, + NOAT, + TWAN, +
NYOAT, + TOAN, + TOND + TN = 0 (64)

where the symbols with superscript (i) refer to a previous time-step of known values (i.e.
T+ — @) 4 AT). Furthermore, from a geometric point of view, the curvature of the
loop at a current time-step is related to the normal and tangent vectors as:

_|IN]

"= e (65)

where the curvature is assumed to be determined by local forces or nodal positions, as
discussed earlier. The norm (magnitude) of the current tangent vector is proportional to
the previous arc length of a segment. That is:

IT[| =n (66)

where 7 is determined by the arc length of the previous time-step. Finally, the displacement
vector is perpendicular to the tangent direction of the considered node.

ap, 1Y

AP, — D

=7 (67)

where v is a constant determined by previous tangent components. Thus, by introducing
an angle 6, which is the angle between the tangent vector and the x-direction, the six
independent unknowns can be reduced to only two: AP, and 6, such that all constraints
are automatically satisfied:

AP, = AP,
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AP, = vAP,
AT, = ncos — T
AT, = nsint — Tyi)
AN, = —kn’sing — NV
AN, = kn?cost — Néi)
Moreover, a linearization technique can be used to approximate sine and cosine func-
tions in terms of A#, as long as the time-step is small, and hence the tangent angle

variation is small between time-steps. Based on the above constraints, Eq. 7?7 may finally
be simplified with a reduced set of shape functions C as:

{6ri} = [Cim(w)] {84} (68)

where: 5
x
ory = {57 } (69)
6PmB
) 0B
00
5 [ Ci D1 C Dy
{Clm(u)} B [’Ycl D3 ~C2 Dy (71)
and
D1 = —npCssinfp — KBU2BC5COSQB
Dy = —npCysinfp — KEU%CGCOSQE

D3 = n.Cscosfp — KBU2BC58ineB
Dy = npCycosfp — REU%CGSmHE

It is noted that the subscripts B and E refer to Beginning and End nodes of one segment
of the dislocation loop.

5.6 Adaptive Protocols for Node and Time-step Assignments

Because of the evolving nature of dislocation line geometry as a result of strong interac-
tions, it is highly desirable to develop adaptive methods which capture essential physics
without excessive computations. Control of the magnitude of the computational time-
step, and nodal positions on each segment has a direct influence on the final accuracy of
DD simulations. For node redistribution, we first compute a reference curvature % for the
entire loop, which is normally taken as the average curvature of all nodes. Then, we com-
pare the curvature k; of each node with K, and classify nodes into high curvature groups
(k; > R) and low curvature groups (k; < k). Finally, we increase the number of nodes
for each high curvature group and decrease the number of nodes for each low curvature
group. After adding or removing nodes, we redistribute the nodes evenly for that group.
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To prevent the number of nodes from increasing or decreasing too fast, we only add or
remove one node at a time. If the number of nodes for a low curvature group is less than
a specified minimum, we keep the current nodes because a prescribed minimum number
of nodes is required to maintain the loop geometry. After redistributing nodes on each
segment, we calculate the displacement and tangent angle of each new node based on the
current loop geometry. The radius of curvature of each new node is determined by a linear
interpolation from old nodes for open loops, or by circular arc approximations for closed
loops. The highest curvature occurs always at fixed nodes or in the close proximity of
other dislocations. In regions of high curvature, large self-forces occur and the curvature
at the segment will be near its equilibrium value. Thus, the curvature in these special
locations can be determined directly from the equilibrium condition on the segment. The
entire geometry of the loop is finally determined by using Eq. 58 at next time-step.

Time-step selection is determined by dislocation segment velocity and its adjacency to
other segments. The time-step is selected such that, on average, dislocation-dislocation
interaction is resolved within about 100 steps. If the dislocation density is p, the average
distance between segments is on the order of p=1/2 ~ 107° — 1079 m. In fcc crystals,
the dislocation resistivity is on the order of 5 x 107° Pa s, while it is about 8 orders of
magnitude higher for screw segments in bee crystals [83]. These considerations lead to a
time-step of ~ 1ns for fcc crystals and ~ 0.1s for bee crystals at low temperatures. When
two loop segments approach each other, a short-range reaction occurs, and the time-step
must be reduced to determine whether the reaction will lead to annihilation or junction
formation. In case of annihilation, two loops join together and form different new loops
as a mode of plastic recovery. On the other hand, junction formation leads to hardening
and stabilization of dislocation patterns. In either case, the minimum distance between
segments on the loop itself, or on two adjacent loops is determined by calculating all local
minimum distances from each node to a curved segment. By scanning all possible nodes
of on a loop, we obtain the minimum distance d,,;, between two loops or between two
segments on the loop itself. If this value is less than two times the maximum displacement,
i.e. 2dmaz, then the time-step is adjusted to 0.25d,,in/dmaz- This procedure is repeated
until loop annihilation or junction formation is completed. After annihilation or junc-
tion formation is completed, the time-step is gradually increased to its maximum assigned
value, as discussed above. During short-range encounters, local dislocation segment ve-
locity can approach the sound speed, and inertial effects may have to be accounted for, if
one is interested in the exact details of the short-range reaction (see [70]).

If new loops are generated during the short-range reaction, all nodes on the loop are
rearranged. For loop junction formation, new loops are not generated, and the nodes are
ordered to allow formation of straight junction segments. However, five possible cases for
generating new loops are considered during segment annihilation. On the glide plane, a full
dislocation loop may be totally closed, or may have closure on other glide plane via sessile
threading arms. Thus, we may have one of the following possibilities:(1) annihilation of
two segments on the same open loop to produce one new open loop and one new closed
loop; (2) annihilation of two segments on the same closed loop to produce two new closed
loops; (3) annihilation of two segments on two different open-loops to produce two new
open loops; (4) annihilation of two segments, one an open loop and the other on a closed
one to produce one new open loop; (5) annihilation of two segments on two different
closed loops to produce one new closed loop. In each case, the nodes on generated loops
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are reordered.

6 ELASTIC FIELD VARIABLES AS FAST SUMS

In this section, we present a reasonably self-consistent discussion of isotropic elastic the-
ory which leads to the present fast sum computational implementation. A number of
equivalent formulations are available in the literature [16], [15], [84]. However, because
the present development is mainly computational, we follow the tensor index formulation
of deWit [21], Kroner [18], and Kroupa [20]. The following discussion outlines the basic
notation and main relationships in elastcity theory, which will be used throughout this
section and associated appendices.

The position vector dyadic is written as: r = r;e;, where (r; = z,y,2) ,and (e;) are
three unit vectors along the Cartesian directions for (i = 1,2,3). The magnitude of the

position vector is: 7 = (riri)%, while the displacement vector is: u = u;e;. The components
of the deformation gradient tensor are: u;; = ‘g—;f;, while the components of the symmetric

strain tensor are given by: €;; = %(ul j+u;;). The equations of translational and rotational
equilibrium, and the stress-strain relations, respectively, are given by:

oij;+ fi = Cijriurg; +fi = 0 (72)
Tij = Oji (73)
0ij = Cijriert = Cijriun, (74)

Where (Cjjp) is a fourth rank tensor of 81 components. Because the strain energy density
W = %Jijel-j = %C’ijkleijekl is single valued, then: Cjji; = Cpi;. Now, let I = ij, and
J = kl, and utilize the following engineering notation:

01 =011, O02=02, O03=033, O04=023, O5=013, 0= 012 (75)
€1 = €11, €9 = €29, €3 = €33, €4 = 2623, €5 = 2613, €6 = 2612 (76)
Then, the stress-strain relationship can be expressed as: oy = Crjey, where I,J =

1,2,3,...,6. For an isotropic elastic solid, the number of independent elastic constants
are only two, given by the following relations:

Ci1=C=0C33 = A+2u (77)
Cuu=Cs55=Ce6 = [ (78)
Cia=Ci3=0C3 = A\ (79)

Where A = G and p are Lamé’s constants. The general stress-strain equation may finally
be put in the form:
0ij = 2Ju€;j + )\5ij€kk (80)

It is also easy to show that, for an isotropic material, the elastic constants can be cast in
the form:
Cijkt = 1(0ikdj1 + ddjr) + Nijor (81)
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6.1 The Displacement Field

The displacement field associated with a dislocation loop is given in its computational
form in this section. We follow the development of deWit [21], [54], and provide sufficient
detail to allow for future elaborations. Derivation steps are given in Appendices B & C.

The dislocation is formed by cutting over an arbitrary surface S, followed by rigid
translation of the negative side of (S™), while holding the positive side (ST) fixed, as
illustrated in Fig. 11. Define the dislocation line vector, t , as the tangent to the disloca-
tion line. The Burgers vector b is prescribed as the displacement jump condition across
the surface (S). The elastic field is based on Burgers equation [85], which defines the
distribution of elastic displacements around dislocation loops. The strain tensor can be
obtained from deformation gradients, while the stress tensor is readily accessible through
linear constitutive relations. Once the stress and strain tensors are found, elastic self
and interaction energies can be obtained. Referring to Fig. 11, we define the dislocation
loop by cutting over the surface S, translating the negative side by the vector b, while
holding the positive side fixed. Along any linking curve I', the closed line integral of the
displacement vector is b. Thus:

b= fdu ,orb; = fui,jdwj (82)
r r

For a given force distribution f, () in the medium, the displacement vector is given by:
uy (r) = / U (v — #) fn (7) d3F (83)
allspace
Where Uy, (r — ) are the isotropic elastic Green’s functions, given by:

1 A p
Ukm (R) = — [6gkmBRpp — ——— R im
km (R) 87r,u[k PPN 42 ok
For the volume V, bounded by the surface 5‘, and upon utilization of the divergence
theorem, we obtain (see Appendix B):

U (T) = —bi/CijklUkm,l (r — £)dS; (84)
S

For an elastic isotropic medium, the fourth rank elastic constants tensor is given in
terms of Lamé’s constants. Substituting Eq. 81 into Eq. 84, and re-arranging terms, the
displacement vector is given by:

1
unlr) = o / bR i 1S,
s
1 .
+ o5 / (B R ypidSom — bj R ypmdS;)
s
1 A+p - .
t g Gog o) [ RS — bR pgds)) (85)

S

28



Dislocation

Surface §

Dislocation J linking curve y

line C

n
S

+ =
b

-®

Figure 11: Creation of a dislocation by a cut on the surface (.5)

Eq. 85 can be converted to a line integral, if one recalls Stokes Theorem, extended to
any rank tensor T, expressed as: [ €ijk Tape.idSk = ¢ Tape-dl;. Noting the relationship
S C

between the Kronecker and permutation tensors, i.e. €;jx€xim= 0i10jm — Oimd;;, allows
us to write Stokes theorem as: [ (0i10jm — 0imdji) Tupe...jdS; = felmj abe--dlj. Using the
S

substitution property of the Kronecker delta, Stokes’ theorem can also be expressed in the
hat coordinates in the following form:

/( abc: - dSl abc ldS ): %eklm Tabc--~dlk (86)

S C

The first integral in Eq. 85 is the solid angle fraction subtended by the loop times the
burgers vector ( see Appendix A), while utilization of Eq. 86 can reduce the second and
third terms to their line integral form. Therefore, a convenient form for the displacement
vector components is given by:

biQ

1
%{ ikl blRJ,p—l- 11— Ekmn b Rmz dly, (87)

Uy = —

Eq. 87 determines the displacement field of a single dislocation loop. For a loop ensemble,
one can use the property of linear superposition. Thus, the line integral in Eq. 87 can be
converted into a fast numerical sum over the following set: quadrature points (1 < a <
Qmaz) associated with weighting factors (wg ), loop segments (1 < 3 < Ny), and number
of ensemble loops (1 < v < Njgop). Therefore, a computational form for the displacement
vector is:

=1 a=1 l-v

1 Nloop Ns Qmaz ek‘ b R ..
U; = —b;Q + = Z Z We, (eikl blRJ,p + M) 7ﬁlc,u (88)
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In appendix A, we list successive derivatives for the modulus of the radius vector R,
surface and line integral forms of the solid angle €2, and its derivatives. Detailed derivation
steps in the equation sequence can be reviewed in Ref. [57].

6.2 Strain and Stress Fields

Once the displacement field is determined, the strain and stress fields can be readily
obtained. If we denote the deformation gradient tensor by wu;;, the strain tensor e;; in
infinitesimal elasticity is its symmetric decomposition: u;; = %(ul juji)+ %(u” —uji) =
eij + w;j, where wj; is the rotation tensor. Taking the derivatives of Eq. 85 yields the
deformation gradient tensor:

bjﬂﬂ‘

Yig =~ 4

1 1
+ 8—7'(]{ |:€jkl bR ppi + 1-5 Ekmn bnR,mij:| dly, (89)
C

From which the following strain tensor is obtained:

_ _# + — 7{ [ (ejkl ber" ikl blR )

N Ekmn bnR,mij:|
e = - - iy (90)

1—v

The derivatives of the solid angle € are given by Eq. 112 in Appendix A, which can now
be used to derive the strain tensor components as line integrals.

Ckmn bnR,mZJ:|dlk

€ij =g 7( [ (€jmi bili+ €ik bjR1— Eir iR j— €ji iRy) ), + 1o

(91)
Similar to Eq. 88, the fast sum equivalent of Eq. 91 is now given by:

Nicop Ns Qmax

€ij = 871' 3NN wa (— (€jkt bilR1+ €k bjR1— € bR j— €51 IR;) ) +
y=1 B=1 a=1

1—v
(92)

To deduce the stress tensor, we use the isotropic stress-strain relations of linear elas-

ticity. First, the dilatation is obtained by letting both i&j = r in Eq. 91 above:

Crp = 817r L _2” $ €kmn bnR mrrdly. Using the stress-strain relations: 0ij = 2p€;j + Aepr0ij,
C

we can readily obtain the stress tensor.

1

% |:2R mpp (Gjmn dl + Simn dl; ) + T Ckmn (R,ijm - 6in,ppm) dlk:| (93)

Hbn
i = 47

The computational fast sum for the stress tensor is given below in compact form, while
explicit representation are listed in appendix D.

1

2 1-v

maa: 1 R
045 = Z Z Z nWa |:_R mpp (egmn T’L u"’ Cimn Tj u) + —— €kmn (R,ijm - 5in,ppm) Tk

(94)
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6.3 Interaction and Self Energies

The mutual interaction between two dislocation loops can be obtained by a volume in-
tegration of the energy density resulting from the stress field of one loop, acting on the
strain field of the other, as given below.

E1:/ o DeP gy (95)
\%

(1) (2)

i; 1s the elastic stress field from the first dislocation loop and e;;  is the elastic
strain tensor originating from the second one. After a lengthy derivation, deWit [21]
provided a simple double line integral formulation for the interaction energy as:

where o;

bV 2) (1 v 2 40 2 2) (1
By =—— 7( 7( [RM (dz§ aif! + Pl )) + 1 (Rij = 0y Ra) i dt)
c c®)

(96)
In Eq.(96), the line integral is carried over the two space curves CW&C@ . Thus, the
corresponding fast sum for the interaction energy reads:

b(l) @ NN Qs Qs

Ep = ZZZZU’ Wa(2) X

=1 /8(2) 1 a(l) 1 a(2
~ 2v (9. 2 A(2) 4
[R ok ( 3(23 z(lu) + ETZ(?TJ(B) + 1, (B — 0 Ru) r,iir,ili] (97)

The self-energy of a single dislocation loop can be calculated as % the interaction energy
between two identical dislocation loops separated by a distance ry. The contribution to
the self energy from the dislocation core can be estimated from atomistic calculations, and
is usually on the order of 5-10% of the self energy [20]. However, the core contribution
can be incorporated by adjusting the value of rg. In a fairly rough evaluation, we may
take the core energy into account by setting r¢ = %. (cf. [21))

7 APPLICATIONS OF THE FAST SUM METHOD

In this section, we discuss several test cases which both illustrate the utility of the fast
sum method, and validate its accuracy. We will first present results of computations for
the elastic field of isolated circular shear and prismatic dislocation loops. Since some
analytical solutions are available for these cases, we will compare the results of the fast
sum method to analytical results. The issues of numerical convergence and accuracy are
also discussed. In the latter part of this section, we present results of calculations of the
elastic field of typical complex-shape loops, representing familiar Frank-Read dislocation
sources in crystalline materials.

7.1 Stress Field of Simple Loops
1. Circular Slip Loop
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Figure 12: Normal stress iso-surface, 011, in the local loop coordinates, where the 1-axis
is [010]-direction and the 3-axis is the [110]-direction.

We consider here the stress distribution in the vicinity of a shear (slip) loop in a
BCC crystal. The circular loop has a radius of 200 |b|. The loop is oriented for
primary slip (i.e. (110)/3{111}). In the figures shown in this section, all distances
are given in units of |b|,while stress values are relative to p. In the local coordinates
of the (110)-plane, Fig. (12) shows an iso surface for the normal stress around the
dislocation loop. It is clear that the stress surface has an orientational dependence
on the < 111 >-slip direction. On the glide plane itself, the normal stress vanishes,
while the stress surface is symmetric with respect to the loop center. The shear
stress components 12 and oo3 are displayed in FIGS. 5 and 6. While o125 shows
a characteristic "lope” structure of the iso-surface, ooz displays a crescent shape,
where the maximum width is for pure edge, while the stress vanishes for the screw
component of the loop.

The convergence and computational speed of the fast sum method is demonstrated
in reference [56]. The dependence of the numerical results on the number of seg-
ments, segment spline type, and quadrature indicate that the method is numerically
convergent, as the number of segments and/or quadrature integration points is in-
creased [56]. The issue of numerical accuracy of the method is addressed next, by
comparison to one of the few available analytical solutions in the literature.

. Circular Prismatic Loop

Kroupa [20] derived analytical solution for the stress field of a prismatic circular
dislocation loop in an infinite isotropic medium. His explicit out-of-plane normal
stress in the loop plane (i.e., z = 0) o, reads:

o 2 T T

-z = —E(—) (0 < =< 1) (98)
pb _(z ’

2rR(1—v) 1 (R)2 R R
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Figure 13: Shear stress iso-surface, o2, in the local loop coordinates, where the 1-axis is
[010]-direction and the 3-axis is the [110]-direction.

Figure 14: Shear stress iso-surface , 093, in the local loop coordinates, where the 1-axis is
[010]-direction and the 3-axis is the [110]-direction.
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Figure 15: A comparison between numerical (current method) and exact analytical
(Kroupa) solutions for the normal stress component o,, of a circular prismatic loop.
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%R(iy) x T 1— (82 R

where K and E are the complete elliptic integrals of the first and second kind,
respectively, x is the distance from loop center, and R the loop radius.

In order to evaluate the accuracy of the present fast sum method, a comparison
between Kroupa’s analytical solution for the normal stress component, o,,, of a
circular prismatic loop and our numerical calculations is shown in Fig. 7. It can
be seen that the error in the value of the normal stress depends on the number
of segments and on the distance between the field point and the dislocation core.
The normal stress shows the characteristic asymmetric singularity at the dislocation
line, where the stress field decays to zero at large distances from the core, while it
remains finite at the loop center. A more quantitative measure of the error is shown
in Fig. 8, where the percent error between the numerical and analytical solutions is
shown as a function of distance along the x-axis on the loop plane. It is seen that
the numerical accuracy is below 4% for only four cubic spline segments, except very
close to the dislocation core. The number of quadrature integration points is kept
at 16 for all cases studied in the figure. The highest error (below 9%) is manifest at
distances less than 1.5 |b| from the dislocation core, when the number of segments is
less than 8. However, the maximum error is less than 0.3% at such close distances,
when the number of segments is increased to 16. It is important to note that such
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Figure 16: Dependence of the error between numerical and analytical (Kroupa) normal
stress results on the distance from loop center, for various number of segments.

high accuracy is needed in calculations of the self-force via the Brown formula [52],
or its variants [74], [48]. When the stress field is averaged at distances of ¢ from
the dislocation core, the singularity is removed and a convergent, finite self-force is
obtained. Thus, the accuracy of field evaluation is apparent.

7.2 Interaction and Self Energies

To demonstrate the capability of our fast sum calculation of the interaction energy(Ej}),
we specify the two dislocations to be pure prismatic coaxial circular loops of equal radius
and of the same Burgers vector. In such case, the exact analytical result is available from
[21] as:

FE T K

SrRpE  2n(1 =) )~ E() (100)

W} V2 and d is the normal distance between the two parallel loop
planes. Fig. 9 shows the results of our calculations, as compared with exact analytical
results. The interaction energy is shown as a function of distance between the two loop
planes. While the number of quadrature integration points in these calculations is kept at
128, the interaction energy is convergent as the number of segments is increased. This is
particularly important at close distances, as can be seen from the figure.

Furthermore, Hirth and Lothe [16] provided an explicit expression for the self-energy

of a circular slip loop as:

B _ _2-v {l (t i) 2 i} (101)
onRub? ~ sn(1—v) | \""Mar)  “"2R

in which x = {
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Figure 17: A comparison between numerical (current method) and analytical (deWit)
results for the interaction energy between two prismatic loops.

where p is the dislocation core size and is taken as ﬁ, as suggested by deWit [21]. Fig.
10 shows the dependence of the self-energy on the loop radius, computed numerically, and
compared to the analytical solutions [16]. The percent error between the numerical and
analytical results is shown in Fig. 11. It is interesting to note that, even for four cubic
spline segments, the error is rather small ( a few percent), when the loop radius is in the
tens-to-hundreds of |b|. However, it is clearly demonstrated that more spline segments is
necessary for larger size loops, and that the error can generally be brought down below

1%.

7.3 Complex Loop Geometries

1. Single Frank-Read Source

In typical Dislocation Dynamics computer simulations, heavy initial dislocation mi-
crostructure is introduced, and its subsequent evolution is followed by solving ap-
propriate equations of motion. Visualization of the stress field associated with the
evolving microstructure requires additional techniques to mask specific features, oth-
erwise the 3-D computer image is hopelessly complicated to be useful. Nonetheless,
it is instructive to investigate the nature of the elastic field resulting from reasonably
complex loop configurations. In this section, we present results for two common dislo-
cation problems: an isolated Frank-Read (FR) dislocation loop, and two interacting
such sources in a Molybdenum single crystal. An initial straight edge dislocation
segment, lying on the (111)-plane is subjected to an applied stress. The pinned ends
of the segment are located at z = £100|b| from the plane center of the crystal.
The expansion of the dislocation segment results in the dislocation loop, shown in
Fig. 12, before annihilation of the two opposite screw components takes place. The
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Figure 20: Normal stress iso-surface (186 MPa), 013, for a single Frank-Read source in
Molybdenum

pinned ends of the source are connected to the crystal surface by two rigid threading
dislocations. Fig. 12 shows the normal stress iso-surface of (186 MPa)associated
with the FR loop. The iso-surface shows orientational dependence on the Burgers
vector, as well as symmetry with respect to the (111)-plane. Note the ”dimples”
in the stress surface which result from the deviation of the FR loop from perfect
circular symmetry, as investigated in the earlier section.
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Figure 21: Normal stress distribution resulting from the interaction of the single FR source
with the surface of a Molybdenum single crystal

Figure 22: Shear stress distribution resulting from the interaction of a single FR source
with the surface of a Molybdenum single crystal
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2. Interacting FR Dislocation Loops

So far, we have assumed that the crystal is elastically isotropic and of infinite dimen-
sions. The solution method relies on the existence of analytic forms for the elastic
Greens functions, and those are not available for finite media. Recently, Cleveringa,
Needleman and Van der Giessen [33] have proposed a superposition method to sat-
isfy the boundary conditions of crystals under external constraints. First, the surface
traction resulting from the interaction of the dislocation loop with the crystal surface
are computed. Once this is achieved, a Finite Element Method (FEM) is used to
calculate the stress field resulting from the same traction, with a reversed sign (so-
called image traction, in addition to other externally applied forces. The case of a
free crystal is somewhat special, because only image traction boundary conditions
can be imposed at the surface. Thus, and since a full dislocation loop is mechani-
cally balanced, only rigid body displacements need to be carefully eliminated. We
choose here to use the threading dislocation arms, which intersect the surface at
two points, to eliminate rigid body rotation and translation. To show the effects of
crystal boundaries, we follow the FEM approach, as suggested by Cleveringa et al.
[33]. Fig. 13 shows the results of FEM calculations for the normal stress component
on the crystal surface, resulting from image traction. It is clear that the FR source is
pulling on the upper surface, and that additional stress concentrations on the x — z
surface are associated with the rigid arms of the threading dislocation. The image
shear stress 013 is also shown in Fig. 14, where the surface displacements of the
crystal are scaled to show the shape of a free crystal which contains an FR source.
Note the symmetry with respect to the (111)-plane of positive and negative shear,
and the high shear stress around the end points of the threading dislocation.

When FR sources are activated on the same or neighboring slip planes, very complex
patterns can emerge [48]. Interaction of FR sources appears to be one of the main
mechanisms which control complex dislocation patterns. For this reason, we study
the stress field of two such FR sources, which are both located on the (111)-plane.
The length of each initial straight edge segment is taken as 150|b|. one pinned end of
the first FR source is located at z = 225|b|, and at x = —225|b| for the second source.
The other end is located by rotating the initial segment (i.e. length = 150|b| with
an angle of § = 220°, and 6 = 100° for the first and second FR source, respectively.

The normal stress o33 = —130 MPa is shown in Fig. 15, while the shear stress
iso-surface 013 = 170 MPa is shown in Fig. 16. The normal stress iso-surface shows
a split about the (111)-plane, but because of the initial lack of symmetry of the
dislocation loop lines, the stress surface is likewise un symmetric. However, Fig. 16
shows an interesting mirror-like symmetry of the stress iso-surface and the original
geometry of the FR-sources. This observation is only seen at high levels of stress,
where there is nearly no overlap between the stress fields of various segments of the
dislocation microstructure. In any event, going beyond the configurations presented
here would introduce additional complexities, which are best utilized in computations
of Peach-Kohler forces on dislocation segments.
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Figure 23: Normal stress iso-surface(-130 MPa), o33, for two interacting Frank-Read
sources in Molybdenum

Figure 24: Shear stress iso-surface(170 MPa), 013, for two interacting Frank-Read sources
in Molybdenum
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8 COMPUTER SIMULATION OF PLASTIC DEFORMA-
TION

8.1 [Illustrative Example: Initial Bow-out of a Pinned Dislocation

To illustrate the computational procedure involved in the present method, we consider
here a very simple example, where the equations of motion can be solved analytically
for one time-step. Our purpose here is to highlight the essential features of the present
computational method. More complex examples, which require extensive computations
will be given in the next section. Assume that we are interested in determining the shape
of a dislocation line, pinned at two ends and under the influence of pure shear loading
on its glide plane. The glide mobility is assumed to be isotropic and constant, and the
segments will be taken as linear for illustrative purposes only. The dislocation line is
pinned at points L and R, with only two linear and equal segments connected at point A,
as shown in Fig. 25. We will compute the shape of the line, advancing it from its initial
straight configuration to a curved position. Under these simplifications, the variation in
Gibbs free energy, 0G for any one of the two segments is given by:

1 1
5G = —B/V(Sr | ds |= —/ftér | ds | (102)
0 0
Now, we expand the virtual displacement and velocity in only two shape functions: C; =

u, Co=1—wu. Thus:

57“k = 6q1kCZ (103)
Vi = GikgCi (104)

Since we allow the displacement to be only in a direction normal to the dislocation line (y-
direction), we drop the subscript k as well. For arbitrary variations of d¢;, the following
equation is applicable to any of the two segments (LA, AR).

1 1
_ / At x (fp + f5)Ci | ds |= —B / AgConC; | ds | (105)
0 0

Eq. 105 can be explicitly integrated over a short time interval At. The resistivity matriz

1
elements are defined by: 7, = B [ C;Cy, | ds |, and the force vector elements by: f; =
0

1
JCi x (fpx + fs) | ds |. With these definitions, we have the following (2 x 2) algebraic
0

system for each of the two elements:
AgmYim = fi X At (106)

For any one linear element, the line equation can be determined by:

[Zﬁ] N [g (19@} {Z} (107)
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Figure 25: Nodal displacements for the first time-step of an initially straight segment.

And the resistivity matrix can the be simplified as:

[Ymn] = %l ﬁ H (108)

Furthermore, as a result of the shear stress 7 and the absence of self-forces during the
first time-step only, the distributed applied force vector reads:

1
{fm} = %bl { } (109)
1

Since the dislocation line is divided into two equal segments, we can now assemble the
force vector, stiffness matrix and displacement vector in the global coordinates, and arrive
at following equation for the global nodal displacements AQ);:

2 1 0 AQq 1 )2}
% 1 4 1 {AQQ}:%N{z}JFAt{O} (110)
01 2 AQs 1 F3

An important point to note here is that at the two fixed ends, we know the boundary
conditions, but the reaction forces needed to satisfy overall equilibrium are unknown.
These reactions act on the fixed obstacles at L& R, and are important in determining the
overall stability of the configuration (e.g. if they exceed a critical value, the obstacle is
destroyed, and the line is released). If AQ; = AQ3 = 0 at both fixed ends, we can easily

solve for the nodal displacement AQy = %T%At and for the unknown reaction forces at the
two ends: F; = F3 = —%Tbl . If we divide the dislocation line into more equal segments,

the size of the matrix equation expands, but nodal displacements and reaction forces can
be calculated similarly. Results of analytical solutions for successively larger number of
nodes on the dislocation segment are shown in Fig. 25.
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Figure 26: Operation of the Frank-Read source for isotropic dislocation mobility on the
glide plane.

8.2 Dislocation Loop Generation

Generation of new dislocation loops is an important process in determining the rate of
hardening in materials under deformation. The basic mechanism involves the propaga-
tion of a dislocation segment from two immobile (fixed) ends under the action of applied
stress. If the applied stress exceeds the resistance offered by the self-force, lattice friction,
and additional forces from nearby dislocations, the segment length will increase. In fcc
metals, the Peierls ( friction) stress is very small, on the order of 1075, and is thus lower
than typical applied stresses of 1073u. Dislocation mobility is isotropic at all relevant
temperatures because of the low value of Peierls stress in comparison to applied and self
stresses on dislocation segments. Thus, the influence of the underlying crystal structure
on dislocation generation is not pronounced. On the other hand, high anisotropic Peierls
stresses in both fcc and diamond cubic (dc) materials (e.g. Si) imposes constraints on the
shapes of generated dislocation loops in these systems, as discussed next.

8.2.1 Isotropic Mobility of Screw and Edge Segments

Fig. 26 shows the results of shape computations for the Frank-Read source in a bcc
crystal at high temperature, where the dislocation segment mobility can be assumed to be
isotropic on the < 110 > glide plane. In this simulation, we use composite quintic spline
segments to construct the loop after each time-step computation of the nodal displacement
and tangent angle. The loop starts from an edge line segment with two fixed ends normal
to the < 111 >-direction, for which we assign only three nodes at the first time-step. The
tangent vectors at the two end nodes are those of circular arcs constructed from three
adjacent nodes. When the loop expands, more nodes are added around the two fixed end
nodes (high curvature regions), while the number of nodes is automatically reduced in the
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Figure 27: Details of nodal arrangements before annihilation of opposite-character seg-
ments.

low curvature region of the loop. After each time-step, the minimum distance between
loop segments is calculated. If the minimum distance is detected to be less than 6|b|,
and cos™1(t; @ t2) = (1. & 0.05)w, the two segments are annihilated. Here, t1&to are
the tangent vectors for segments 1 and 2, respectively. The value of 6|b| for the critical
annihilation distance in fcc is taken from experimental measurements on Cu [86] and Ni
[87]. Results of calculations are shown in Fig. 26, where nodal positions are indicated on
each loop. Details of node rearrangement before and after an annihilation reaction between
two curved segments on the Frank-Read source are shown in Fig. 27. The influence of
the self-force on dislocation motion is significant, especially during short-range interaction
of dislocation segments. In Fig.28, the angular distribution of the self-force on the glide
dislocation loop, immediately after its formation by annihilation of opposite segments on
the original dislocation line is shown. It is clear that the distribution of the self-force is
negative everywhere on the loop, except for the small range of angles surrounding the
newly formed dislocation segment. In this region, the self-force is positive, and thus it will
assist the applied stress in expanding this curved region faster than others on subsequent
time-steps. The action of applied and self-forces tend to even out curvature variations on
the entire loop, once the short-range reaction is completed. The self-force is seen to be
higher for the screw segments at = 90°&270°, as compared to segments with a pure edge
character.

Fig. 29 illustrates the operation of a single Frank-Read source on the < 111 >-plane
in an fcc metal, where discrete barriers to dislocation motion are successively overcome by
the expanding loop. The computational protocol detects the existence of random barriers,
such as other dislocations piercing the plane or defect clusters, and the loop is divided into
two segments anchored at each barrier as a new node. The barrier strength is determined
by a critical angle between the tangent to the dislocation and the normal to the node

45



0.030

300

0.025 - 2007

100 | 0
.

0

0.020 100 F .°o..'"°.,.°.

-200

-300 A R
0.015 300 -200 100 0 100 200 300

0.010

fs/an

0.005

0.000

-0.005 —

-0.010 I I I I I
0 60 120 180 240 300 360

e()

Figure 28: Angular variation of the self force (units of ﬁ) in copper for the Frank-Read
source after segment annihilation. The angle 0 is defined in the insert. All distances on
the figure are in units of the lattice constant.
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at the bottom of the barrier. This critical angle has been determined to be ~ 70° for
dislocation intersections in Cu by MD simulations [88].

8.2.2 BCC metals at low temperature

In bee metals, the primary slip system is {110} < 111 >, although slip on secondary
{112}&{123} planes are possible [46]. Slip trace analysis at low temperature [89], [90]
indicates that the main slip planes are {110}, and that dislocations are either of the screw
or edge type. At temperatures below T, ~ 0.15T},, dislocations in bce metals tend to move
as straight lines, indicating that the mobility of the edge component is extremely high [83].
The mobility of screw segments is controlled by double kink nucleation below the athermal
temperature, T,. Peierls lattice friction stress on screw components is very high, and the
corresponding mobility is low. As the temperature increases, the influence of lattice friction
on screw component mobility is reduced, and the mobility of screw and edge dislocations
become comparable. It is expected, therefore, that dislocations become very straight at
low temperatures, and that significant curvatures develop at higher temperatures. To
adequately represent this physical picture, we use composite cubic spline curves joined
with linear segments when necessary, and still maintain C? continuity at all nodes. In this
case, the tangent directions of each curved segment are pre-determined by crystallography
(i.e. < 111 >-directions for screw components), and only the magnitude of the tangent
vector needs to be calculated from the condition of continuity. Additionally, nodes on
expanding loops in this case are not re-distributed, but are selected to ensure construction
of polygonal loop shapes, as is experimentally observed at low-temperature [90]. The
construction procedure of polygonal loop geometry is described as follows.

First, straight linear segments are assigned parallel to specific crystallographic direc-
tions (i.e. < 111 >) for screw components. The displacement is computed for the entire
linear segment in the normal edge direction. Then, two adjacent nodes at each corner
of a the resulting rectangle are assigned, such that the distance of each node from the
corner is proportional to the magnitude of the displacement, which is determined by the
anisotropic mobility. Finally, after nodes are generated, the tangent direction of each
node is aligned with the side of the polygon or is assigned a prescribed angle with the
polygonal direction as an additional degree of freedom. For example, if the temperature is
increased in bcc crystals, slight curvatures can be expected, and the tangent magnitudes
can be solved for by applying the condition of C? continuity (Eq. 57). It is noted that
at very low-temperatures in bec metals, the mobility of edge components (kinks) is much
higher than that of screw segments, and thus dislocation lines will be predominantly of
the screw type. These features of adaptive shape computations are illustrated in Fig. 30
for low-temperature and Fig. 31 for higher temperatures.

8.2.3 Dislocation Sources in Si

Motion of dislocations on the glide plane of dc crystals, such as Si, occurs by breaking and
re-construction of strong covalent bonds. Thus, the resistance of the lattice to dislocation
motion is significant up to very high temperatures (e.g 1200 K in Si). The dislocation
must overcome a large energy barrier in the direction of maximum bond strength (i.e. the
three < 110 > close-packed directions on the {111}-family of slip planes), and a smaller
one in directions £60° to those primary ones. Dislocation segment mobility in Si is rather
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Figure 29: Interaction between a Frank-Read source and discrete barriers in fcc metals.
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Figure 30: Double-ended Frank-Read source in bcc metals. The straight segments are
either screw or edge, while the curved corners are of mixed type.
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Figure 31: Dislocation loop generation by the Frank-Read mechanism for anisotropic
mobility of screw and edge components.

Figure 32: Dislocation generation in covalently-bonded silicon.
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Figure 33: Double-ended Frank-Read source in silicon made visible by copper decoration.
Taken from the work of W. C. Dash [92]

low, which leads to a time-step on the order of 0.01s, similar to the situation in bce metals
[91].

When general cubic spline segments are used, we must solve for tangent vectors at
each node, in addition to nodal displacements in order to generate the dislocation loop
geometry at successive time-steps. However, for special polygonal loop geometries, ad-
ditional constraints are needed to maintain accurate loop profiles. For this purpose, we
use two types of segments: linear ones for the sides, and curved segments for polygonal
corners. The curvature of all nodes is thus constrained to be zero, which guarantees the
alignment of polygonal sides to crystallographic directions, as can be seen in Fig. 32. The
procedure outlined above produces hexagonal loops with rounded corners, in agreement
with the experimental observations on dislocation sources in Si by Dash [92], as can be
seen in Figs. 33 and 34.

8.3 Dislocation Loop Interactions

In this section, we illustrate the application of the present parametric method and its asso-
ciated computational protocols to several problems involving the interaction of dislocation
loops. In Fig. 35, two initial screw segments of equal length are assumed to be collinear,
and of the same initial length on the [110]-slip plane of a bcc crystal at high temperature,
and a high shear stress is applied on the slip plane. Bowing of the two segments is tracked
with nodal displacements and tangent vector direction, and the loops are reconstructed by
quintic spline segments after each time-step. The process is repeated till any two curved
segments on the same loop, or on the two different loops, approach each other. The an-
nihilation criterion is applied, leading to the loop profiles shown in Fig. 35. The applied
stress is higher than the maximum value of the self energy after the two loops join one
another, because the nodal curvatures are much smaller than corresponding values near
the fixed ends of the each loop. Hence, further nodal displacements are not influenced as
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Figure 34: Single-ended source of the Frank-Read type in silicon, made visible by copper
decoration. Notice the cusps in some of the dislocations. Trails due to defects left behind
on moving, are visible behind the cusps. Taken from the work of W. C. Dash [92]

Figure 35: Coplanar dislocation loop interaction
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Figure 36: Formation of a dislocation junction in bcc metals

Figure 37: Computer simulation of forest hardening in Cu.
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Figure 38: 3-d computer simulation of the initial dislocation microstructure in bce vana-

dium. the dislocation density is 10%cm 2.

much with nodal curvatures, once the two loops join together as a single loop. Another
illustration of loop-loop interaction is shown in Fig. 36, where two glide loops on different
{111}-planes interact and form a sessile junction at the intersection between the two glide
planes. In this case, the Burgers vector of the resulting junction does not lie on any of the
two slip planes.

Fig. 37 shows the results of computer simulations for the interaction between a slip
dislocation on the < 111 >-glide plane in copper, after it is emitted from two fixed ends
of a Frank-Read source with small defect clusters (Stacking Fault Tetrahedra (SFT)) in
irradiated copper single crystals. The dislocation lines represent successive advancement
stages under an applied shear stress. The corresponding values of the critical applied
shear stress are: 93, 123, 154, and 185 MPa, respectively. A random distribution of SFT
is introduced on the glide plane at an average spacing of 20nm. The dislocation line seeks
the nearest SF'T and bends around it to a critical angle of ~ 80° before the obstacle is
overcome. This critical angle is higher than the value attributed to dislocation-dislocation
intersection in Cu, because the SFT is considered a weak obstacle.

8.4 Dislocation Microstructure Evolution

Computer simulations of dislocation microstructure evolution in bcc metals have been
initiated, with the dislocation microstructure represented as dislocation loops inside a
three-dimensional cube of 3 micron side-dimensions. Dislocations at low temperature in
bce metals tend to be straight, and mostly screw , and they lie along < 111 >-directions.
The initial microstructure of a dislocation distribution in a vanadium crystal is shown in
Fig. 38, while a TEM slice is shown in Fig. 39. the dislocation density is 10%cm 2. As
deformation continues, the dislocation density increases, and strain hardening commences.
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Figure 39: Computer-generated TEM -picture of the dislocation structure of Fig. 38.

On-going research is aimed at determination of the stress-strain constitutive relationship
from the microstructure shown in Fis. 38, and 39.

9 CONCLUSIONS

The fast sum method, which is based on a combination of dislocation loop geometry param-
eterization, and numerical quadrature integrations along parameterized curves is shown
to be computationally feasible and highly accurate. All calculations involve simple alge-
braic operations, which can be systematically carried out by straight-forward computer
programming. Although we used FORTRAN-90 to implement the results of calculations,
even spreadsheets on personal computers can be effectively utilized. The method is as
efficient as analytical solutions, especially because of the index structure associated with
tensor notation (i.e. the use of DO loops). However, because analytical solutions are
available only for a limited number of special cases, the present approach can be used
for calculations involving complex loop geometries. The present method is primarily in-
tended for applications in Dislocation Dynamics computer simulations, where the need
for accuracy is critical in close-range dislocation encounters. Moreover, one may consider
the present method as an extension of the FEM technique in continuum mechanics. A
variety of parameterized elements can thus be chosen ( in much the same way as in the
FEM approach) to handle special dislocation deformation problems. The method may also
be exploited in crack problems, where dislocation distributions can be used to represent
complex crack surfaces.

To handle the effects of free crystal surfaces on the redistribution of the elastic field
inside the crystal, and hence on computed Peach-Kohler forces, the superposition method
of Cleveringa et. al. is extended to 3-D applications. While only 2-D problems have
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been solved so far by their method, we show that 3-D problems can also be successfully
implemented. However, the simple problem shown here required almost 10,000 elements,
with an associated large number of degrees of freedom. Other methods (e.g. the Boundary
Integral (BI) method) may be more appropriate for 3-D computer simulations, since the
stress field should be updated very frequently during Dislocation Dynamics computer
simulations

The present method is in the spirit of the Finite Element Method in structural me-
chanics, where the dislocation line is segmented and described by known shape functions
in a linear combination of unknown generalized coordinates, such as position, tangent and
normal vectors. Physical arguments are used to ascribe constraints on these generalized
coordinates, and thus reduce the number of equations of motion. The method is illustrated
in a number of applications on dislocation loop generation and interactions in bce, fc and
dc materials. Many applications of the present method are feasible, especially in areas
where continuum descriptions of plastic deformation fall short. One such application is
the simulation of the onset of plastic instabilities and the formation of dislocation channels
in irradiated materials [57], [94]. It is concluded that the present method offers a number
of potential advantages:

1. A natural description of dislocation loop geometry that is not determined by an
underlying computational mesh, and which is able to conform to physical constraints
imposed by the crystal structure .

2. Avoidance of numerical divergence problems for very short straight segments, and
the loss of accuracy on long segments.

3. High resolution of short-range reactions in between curved dislocation segments.

4. Flexibility in mixing segment types during the same computation, thus leading to a
reduction in the overall computational burden.

5. Compatibility with the standard Finite Element Method, which may lead to direct
coupling with the computational methods of continuum mechanics.

While continuum approaches to constitutive models are limited to the underlying ex-
perimental data-base, the present method offers a new direction for modeling microstruc-
ture evolution from fundamental principles. The limitation to the method presented here
is mainly computational, and much effort is needed to overcome several difficulties. First,
the length and time scales represented by the present method are still short of many ex-
perimental observations, and methods of rigorous extensions are still needed. Second, the
boundary conditions of real crystals are more complicated, especially when external and
internal surfaces are to be accounted for. Thus, the present approach does not take into
account large lattice rotations, and finite deformation of the underlying crystal, which
may be important for explanation of certain scale effects on plastic deformation. And
finally, a much expanded effort is needed to bridge the gap between atomistic calculations
of dislocation properties on the one hand, and continuum mechanics formulations on the
other. Nevertheless, with all of these limitations, the approach presented here is worth
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pursuing, because it opens up new possibilities for linking the fundamental nature of the
microstructure with realistic material deformation conditions. It can thus provide an ad-
ditional tool to both theoretical and experimental investigations of plasticity and failure
of materials.
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Figure 40: Representation of the solid angle, 2, at a field point (Q) away from the dislo-
cation loop line containing the set of points (P)

APPENDICES

A Differential Geometry of the Solid Angle

As shown in Fig. 40, the solid angle differential df) is the ratio of the projected area
element dS to the square of R. Thus:

ee dS X,;dS; 1
Q:/dQ: =55 :—E/Rvppidsi (111)
S S S

where e = R/R = set {e;} is a unit vector along R = set {X;}, and R, = —2X;/R3.
The solid angle can be computed as a line integral, by virtue of Stokes theorem. A vector
potential A (R) is introduced by deWit to satisfy the differential equation: €,;, Ay ,(R) =
X;R™3. The solution is given by [54]: Ax(R) =€;jx X;s;/[R(R + Res)], where s is an
arbitrary unit vector. This results in non-uniqueness of the displacement field, although
it can be arbitrarily symmetrized [73]. The solid angle is then given as a line integral:
QR) = §- Ar(R)dl). Taking the derivatives of {2 in Eq. 111, and applying Eq. 86, we
obtain:

1 1
Q,j = 5 / (R7ppllde — R,ppljdsl) = 5 % Ejk;l R,ppldlk (112)
S C

Successive derivatives of the vector R are given by the following set of equations:

R; = _ X i 2&261‘

(X X2 R

Rij _ 5@'j __ XinS :%_Xin
(X,X)?  (X,Xp): R

5iji + 0 X + 0; X, n 3X; X Xy,

3 5
(XqXq)? (XqXq)2

Rijk = —
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5iji + 5ika + 52‘ij 3XinXk
R TR
(3eiejer — [0ijex + Ojkei + Opiej]) /R (113)

The third rank tensor R;j; has only 10 non-vanishing terms, and these are given below
for convenience.

Rin = 3ei(er® —1)/R?, Rii2 = e2(3ed —1)/R?

Rz = 63(36% — 1)/R2, R = 61(36% — 1)/R2

Ry = 362(6% — 1)/R2, R 23 = 63(36% — 1)/R2

Rssi = e1(3e3—1)/R?*,  Rgse = 3ea(3e; — 1)/R?

Ra33 = 363(6% — 1)/R2, R 123 = 3616263/R2 (114)

B The Displacement Field and Green’s Functions

Define Greens function: U;;(R), as the displacement component U;(r) at position (R) due
to point force in the Rj-direction at the origin. It can be obtained by considering the
equation of translational equilibrium, that is:

Cijriugg; + fi =0 (115)
If the point force is in the m-direction, it can be represented by:
fi = dimd(r) (116)

Where the Dirac-delta function is d(r) = §(r1)d(r2)d(r3), with the property:

o= 04 av = f)
\4

Translational equilibrium is satisfied by:

CijktUp,j + 0imd(r) =0 (117)

Given a point force distribution f,(r), the corresponding displacement vector distribution
is obtained as:

wir) = / Ui (r — ) fin () dV (118)
allspace

However, for a finite region of space, we use the divergence theorem for any rank tensor
T is expressed as:

/VoT dV:/To dS:/T,idvz/Tdsi
\% S \% S
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Now consider the following equation:

/ Cigua [1i(®) Uy 5 — Uion(x — By 5 (8)] a7 =

wkl Uk, = Uimy g (f)} ds;

OJ\

- / [ ui()8;6(c — &) + Upm fi] dV/
14
= / [uz( )Oz]klUkml Uzmo-zj(f.)} dsj (119)
s
Re-arranging terms, we can easily determine the displacement vector anywhere, given that

a distributed force system is specified in the volume, and that stress and displacement
conditions are prescribed at the boundary. Hence, we have:

/ Upm (r #) v — / i () gl ( — £) dS; + / Ui (v — ) 033 (£) S,
s

(120)
The second and third terms in Eq.120 account for displacement and traction boundary
conditions on the surface S , respectively. The specific case of a dislocation loop is char-
acterized by the absence of body forces within the volume (i.e. f; = 0), zero tract ions on
the boundary (i.e. o;; = 0) on S, and a rigid displacement vector b; across the surface S.

The displacement equation is finally given by:

= —b; /Cljk‘l kml —7) dS’j = bi/CijklUkm,l (r—1) de (121)

To complete determination of the displacement field, we need to evaluate Green’s functions
of isotropic elasticity, as given below. We use the method of Fourier transform, defined
as:

T (K) = / U (v) e~V

with its inverse:

U (r) = / Ui (K) €7aV
and the associated differentiation rules:
klﬁkm = /Ukm,l(r)e*ik'rdv (122)
kU = / Uy (t)e v (123)

We start now from the equilibrium equation, and take its Fourier transform:

CijkiUkmi; = —06imd(r)
—CijuikikjUpm (k) = —0im (124)
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For an isotropic elastic solid, we have:
7] (5ik5jl + 5i15jk) kl/{:jﬁkm(k) + )\52‘j5k1kl/€jﬁkm(k) = dim
1Ok 0 ik Up (K) + 100318 1k kj U (K) 4 X6ii0kikikjUpm(K) = Oim (125)
Using the substitution property of the delta function, we obtain:
1001k jUpm(kK) = pkikyUspn (k)
M5il5jkklijkm(k) = Mkiijjm(k) = MklkkUkm(k) (126)
Now, exchange j — k:
A6 0nikik; Uk (K) = MhikiUppn (K) = Mk Upink) (127)

And exchange [ — k: 3 .
(,u + /\)k‘kk‘zUkm + /Lk‘QUim = dim (128)

Then, multiply by k; and sum over ¢:

(,U + )\)k'kk'lk‘lﬁkm + /Lkzkiﬁim = 5zmk'z
(14 NEek?Up + 0k2kiUsn = ki (129)

Exchange i < k, and re-arrange:

(1 + Nkrk?Ugm + 1k kkUpm = km
(2u + Nkxk®Upn = km or,
~ km
kU, = ———s 1
kUl 2+ V2 (130)
This result can now be substituted back into Eq. 128 above. The elastic Green’s functions
are readily obtained in Fourier space as:

,u—l-/\)k‘ik'm 277 e

(Q,u—l-/\ k2 + kUi =0
- 1 [Okim ,u—l-/\)k‘kkm]
im(k) = — - 131
Ui (k) ,u[k2 (Q,u—l-/\ k4 (131)

To obtain the elastic Green’s functions in Cartesian space, we use the following properties
of the inverse Fourier transform:

1 eik~r
ﬁ/—k‘l vy, = —r (132)
Vi

And its second derivative: "
1 kykme™ T
- %d‘fk =7 km (133)
Vi
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While for k = m = p, we have:
1 eik-r
=] 2 AV =7 pp (134)
Vi
Finally, we can now use Eqgs. 133 and 134, and take the inverse Fourier transform of Eq.

131 to obtain the explicit form of the isotropic elastic Green’s functions:
1 A
Ukm (I') = % |:5ka7131) - (m) T”km:| (135)

Similarly, the Green’s functions Ugy, (r — ) = Ugm(R), and their derivative with respect
to [ are given by:

1 A+ p
Ukm (R) = 87 [5’“”R’pp ()\ + 2u) R’km]
1 A+
Ukm,l (R) = % [5ka,ppl - (ﬁzlz) R,kml:| (136)

C Burgers Equation

Burgers equation is a fundamental line integral, which will also be utilized in determination
of all elastic field variables by the computational fast sum method. Our purpose here is to
derive the displacement vector of a dislocation loop as a line integral. Let’s now substitute
Eq. 136 for Green’s function derivatives, and Eq. 81 for the isotropic values of the elastic
constants into the surface integral in Eq. 84 to obtain:

1 A+ N
U (r) = o / [ADi0i0k1 + p (bidir0j1 + bidirdjn)] [5ka,ppl - (ﬁ;ﬁ;) R,kml:| ds;

S
(137)

recall the substitution property of the Kronecker delta function: b;0;; = b;, bjdy, = by,
b;6; = by, Eq. 88 takes the form:

1
) = o / (D018 Roppt + 11(08 10k Roppt + 010160k Roppl) —
3

A+ p

(m)[)\bjéklR,kml + 11(bk6 1 R et + 010 R gmi)] 1S (138)
We will now utilize the following tensor properties:
bj(skléka,ppl = biRppm
bR pmi = bjRum
bk0j10km R ppt + bi0jkOkmB ppt = bR ppj + bidjm R ppi
brdji R kmi + 010k Rt = bR gy + iR jmi (139)

1
) = g / (A3 Ry + 10 R + 018 R ) —
3

A+
A+ 20

(

)[)\bjRJlm + M(ka,kmj + blRJml)]}dgj (140)
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For any rank tensor, recall Stokes theorem: [(V x T)edS = § Tedl. Since: V x T =€,
S C
Tape... i€k, we have:
/(V X T) e (dS = /eijk Tabc.__7ieder er = / eijk Tabc...@ékrdsr = /eijk Tabc...JdSk
S S S S
Thus, Stokes theorem can be used to convert a surface integral into a line integral as:
/eijk Tabc...,idSk = fTabc---dlj (141)
S C

Multiplying both sides by €, and utilizing the tensor property:€;;x€xim= 0;10jm—0im9;i
we have:

/(5i15jm — 0im0j1) Tape... jAS; = %elmj Tape...dl;

S C
/(Tabc...,mdb’l — Tabc...JdSm) = %Eklm Tobe-..dly (142)
S C

Or, expressed in the hat coordinates, we have:

/ (Tabc---,mdgl - Tabc“-,ldgm) = Ckim Tabc-ndik (143)

S

A~

Rewriting Eq. 137, the expression can be manipulated and rearranged in the following
form:

1 : | : :

un() = o [ buRopidSy + o [ (0B ppudS — bR ypmdS)
5 5

1

.

A+ p

+ A+2u

)/(bijpmdS'j — bR gmjdS))  (144)

S

Applying Eq. 143 to the third order tensor R ;;i, we obtain the following:

/ [blRJ,pldSm — bijpmde] = feklm blRJ,pdlk

S C

/ (b, R ppmdS; — by RomindS;] = ?4 Epin bR il (145)
S C

Finally, when we substitute from Eqns. 111 and 145 into Eq. 144, we obtain the line
integral form of Burgers equation, given by Eq. 85.

D Stress tensor components

For one loop, explicit fast sum forms of the 3-dimensional stress tensor components are
given below. The inner sum is extended over the number of quadrature points assigned
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in the interval —1 < @l0. @nqe is typically 8-16 for accurate results, although cases
with Qnaz up to 300 have been tested. The outer sum is over the number of loop seg-
ments, which is typically in the range 10-30. For an arbitrary number of loops of defined
parametric geometry, a third sum over the loop number must additionally be included.

NlOOp NS Qmaa:
P H
11 — o
8T

y=1 pB=1 a=1

NLDOP Ns Qmaa:
o1g = 2
8m

y=1 B=1 a=1

NlOOp NS Qmaa:
P M
13 — o~
8T

y=1 pB=1 a=1

NlOOp NS Qmaa:
oy — M
22 — o
8T

y=1 pB=1 a=1

NlOOp NS Qmaa:
Con — M
23 — o
8T

y=1 pB=1 a=1

NlOOp NS Qmaa:
1
033 = oy

|
|
|
|
|

. (_2R7113 1y (Ram +R’333)) b (QR’“? — 2 (R +R,332)>} Fut
_blﬁ (R223 +Ry333) + b31z—u (R,221 +R,331)} T2t
o175 (Rize +Ross2) = bag?y (Roam +R,331)} 73,

[e3%

(146)

b1 (R,113 +R,223 +R,333) — b2 (%&123) + b3 (}J_F—ZR,Qm —R,111 —R,sglﬂ 1 ut
by (%Rﬂ%) —ba (R,113 +R,223 +R,333) + b3 (—}f—ZR,nz +R,220 +R,332)} Tout
(=b1R,221 +b2R,112) T34

1—v

(147)

—b1 (R,112 +R,222 +R,332) + ba (R7111 +R,201 —%3,331) + b3 (%37123)} 1 ut
2 (b1R,331 —bsR,113) Pout

—by (ﬁ—yR7123> — by (—}J_F—ZJ,R,MP, +R.223 +R=333) + b3 (R112 +R 222 +R7332):| T3,u
] (148)

bo25 (Roig +Riass) = bat2y (R +R,332)} 1 ut
b1 {—12__1/1/ (R,113 +R,333) + 2R,223} + bs {12__'/” (Ry11 +Rys31) — 2R7221H Faut
b2y (Ronz +Ryss2) = bog?y (Ran +R,331)} 73,0

(149)

—by 12 R,332 +5313—VR,223} Lut
by (—R7112 —R,290 +}f—zR,332) + b2 (R,111 +R201 +R,331) — b3 (%37123)} Fout

b (R’”3 + 1533 _}J—F—ZRQ%’) + b2 (%Rﬂ%) — b3 (Ry111 +Ry201 +R,331)} 3,u
) (150)

+b2 125 (Ro113 +R.223) — bs 12 (Ro112 +R,222)} 1t
—b11% (Ra13 +R223) + bst2 (R +R,221)} Po,u+
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