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DISLOCATION DYNAMICS - ANALYTICAL
DESCRIPTION OF THE INTERACTION FORCE
BETWEEN DIPOLAR LOOPS

VOJTECH MINARIK AND JAN KRATOCHVIL

The interaction between dislocation dipolar loops plays an important role in the com-
putation of the dislocation dynamics. The analytical form of the interaction force between
two loops derived in the present paper from Kroupa’s formula of the stress field generated
by a single dipolar loop allows for faster computation.
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1. INTRODUCTION

A high density of edge dislocation dipolar loops is formed during plastic deformation
of ductile materials [7, 8]. During deformation the loops are clustered becoming
one of the main building blocks of the deformation microstructure which controls
plastic, creep, fatigue, and fracture properties of these materials. The loops can be
drifted by stress gradients and /or swept by glide dislocations and trapped by already
existing clusters [1] to form dislocation patterns characteristic for various stages of
the microstructure evolution.

The dislocation dynamics is a promising tool in modeling of microscopic mecha-
nism of plasticity; however, the attempts to simulate the deformation substructure
evolution involving dipolar loops have not yet been successful. The main reason is
a large number of dipolar loops entering such simulation. As a consequence, one
has to evaluate many particular interactions in each time step of the evolution. The
more dipolar loops are incorporated in the computation, the more interactions one
has to evaluate. For a particular dipolar loop in the model, there has to be evaluated
its interaction with the glide dislocations as well as its interactions with all other
dipolar loops. In such generality a simulation of the microstructure evolution is still
a prohibitively complex problem.

Our particular model presented in [4, 5] has been focused on the detailed de-
scription of the motion of a number of dipolar loops interacting with a single glide
dislocation. As has been documented in dislocation dynamics model [2] the mu-
tual interactions among loops are vital in the process of their clustering; the loop
interactions cannot be neglected in any simulations of dipolar loop pattering.
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In this article, we present details of the analytical evaluation of the loop-to-loop
interaction which is explored by the numerical algorithm DISDYN for simulation
of dislocation dynamics described in [4, 5]. The formulae for the interaction forces
between two loops of particular types and configurations (see [5]) are deduced from
Kroupa’s formula of the stress field generated by a single dipolar loop (see [3]).

2. GOVERNING EQUATIONS

The governing equations of the system of a single dislocation curve X and a number
of dipolar loops of arbitrary types and configurations can be written as

BX = X, +FX;, (1)
—a - ﬁFé,gotal(X’x( ), QeI (2)

coupled with initial and boundary conditions.

Details of (1) describing the motion of the dislocation curve in 2D plane can be
found in [4, 5], the model is being developed in correspondence with models of other
phenomena in material structures, e. g. elastic behaviour (see [6]). We will focus on
(2) describing the motion of the z-axis coordinate of the center of the ith dipolar
loop — 2. As B and P are constants (described elsewhere), the last remaining
term in (2) is the total force ngotal acting on the ith dipolar loop. This force
includes interactions with all other dipolar loops as well as the interaction with the
dislocation curve:

O+ RO —Fy it EY4 RS R,
F =140 it PO 4 FEO < By
FiO+ rFY 4Ry it Y4 RY < -F

The term F;f(i) represents the interaction force between ith dipolar loop and the
whole dislocation curve:

Fe) = / oD beurvenz dX (3)
X

where U;(f; denotes the stress field generated by ith dipolar loop (therefore depending
on the relative position of the dislocation curve’s segment to the center of the ith
dipolar loop). The term FE @) covers all the interactions of ith dipolar loop with

other dipolar loops: A
J#Ljel
where F'(i,7j) represents the interaction between the dipolar loops i and j and will

be discussed later. Here we note F'(i, j) depends on types and configurations of both
dipolar loops. Finally, Fj is the lattice friction depending on material.
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3. THE INTERACTION FORCE BETWEEN DIPOLAR LOOPS

For each time step in the numerical algorithm solving the system of a glide dislocation
and the loops, we need to evaluate the interaction of each pair of dipolar loops
present in the system. To allow faster computation, we derived analytical formulae
for the interaction forces between two dipolar loops which can be summarized by
the following theorem.

Theorem 3.1. Consider two dipolar loops in a stable configuration. Recalling the
notation of previous papers', denote their types and configurations by Vi, Vs, I, or
I,, respectively?. Then, the interaction force between the two dipolar loops is given
by one of the following formulae, depending on the combination of the types and
configurations of both dipolar loops.

The first formula holds for the combinations V; — Vo, Vi — Iy, Iy — Vo, I} — I,
‘/Q—Vl, ‘/Q—Il, 12—‘/1, and IQ—Il:

2 5 3,2 4
Fm(l) _ Mh b/b// §1 _8550 + 63%02/02—4 24x0y0 (5)
m(1l—v) (3 + y2)
—4xd + 32x3y2 — 12xya
(@§ +v3)®

—x5 + 8x3y2 — 3zoyd
+é5 [ (1 —v)wg + —2——-020 .
g 3 <( ) 0 (x%+y%)2

5 —z3 + yl
+&- 3x‘300> .
55( Cad+yd

The second formula (using the upper signs) holds for the combinations Vi — Vi,
Vi—IL, L — Vi, I — I, and the third (with the lower signs) for Vo — V5, V5 — I,
12 - va, and IQ - IQZ

+6-1

s _ A ) w6 £ 970y0 — 2w0ys T 14agyl — 3woyy 95
z - 1— — 486 2 2\4 ( )
7( v) (x5 + yp)
—2x3 F 18x8yo + 4xdy2 + 2823y3 + 6x0ys F 29
(@5 +u5)?
—x3 F dxgyo £ 8x3yd + xoy§>
(25 +u5)?

+6-1

+&€_3 <(1 +v)xo +

(fﬂoiyo)2>
& g =33 .
: 5< T2

IEach dipolar loop is one of the two types (vacancy or interstitial) and can exist in one of the
two stable configurations, as described in details in [4, 5].

2Letters V and I stand for vacancy and interstitial dipolar loops, subindices 1 and 2 denote
stable configurations
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In the above formulae we use the following shorthand notation:

& = po(=21) —2po(0) + po(21) ,
A B B

- po(—21) po(0)  po(2l)’
A SR 1

= pa(=20) " Tp3(0)  p3(20)’
A P 1

o po(=20) " "p3(0)  pp(20)’

po(w) = po(zo,yo,20,w) = \/x?)er%Jr(zoer)Z .

Remarks 3.1.

3.1.1. We denote [zg, Yo, 20] the mutual relative position of the centers of the
dipolar loops, b’ the xz-axis component of the Burgers vector of the first dipolar loop,
and b” the z-axis component of the Burgers vector of the second dipolar loop. To
close up the notation we have to add physical parameters, i.e. shear modulus p,
Poisson’s ratio v, the average half-width and half-length of a dipolar loop A and .

3.1.2. It is enough to evaluate only the z-axis component of the interaction force
(F}) as the dipolar loops being of prismatic can move only along the Burgers vector
which has in the present case the direction of the x-axis.

3.1.3.  Although there is only one Burgers vector in the dislocation dynamics
system, we explicitly use b and b” in the formulae because the sign can differ
according to the type of the dipolar loop. This means, having Burgers vector of the
modulus b, values of b and b” can be either +b for a vacancy dipolar loop or —b
for an interstitial dipolar loop.

3.1.4. The second and the third formulae are very similar. This results from the
fact the dipolar loops in the second and the third case are simply rotated by the
angle of 7. Therefore, one can easily prove that

F® (20,90, 20) = FP (20, — Y0, 20) (7)

To prove the theorem we have to prepare following lemma.

Lemma 3.2. The total z-axis component of the force generated by a single dipolar
loop positioned at the origin of the coordinate system and acting on a second dipolar
loop positioned at [z, yo, 20] is given by

sz“ = th(gacz(x07y0520+l)7sz($07y0a207l)) (8)
zo+l!
+2hb/ ot <60wy(x0>y032:) T 50xy(3507y0,2) dz) ’
20—l dy ox

where 0, and 0., denote the components of the stress field tensor of the stress
generated by the dipolar loop in the origin of the coordinate system. The upper sign
in (8) holds for the dipolar loop of the type Vi, while the lower sign holds for the
dipolar loop of the type V5.
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Remarks 3.2.
3.2.1. The only difference between V; and V5 type of the dipolar loop in the formula

Ty

- . d
(8) is in the sign before the term —57*.

3.2.2. If we need to evaluate the formula (8) for the I; or I type of the dipolar
loop, we only change the sign of b in the formula for the type Vi or Vo, respectively.

Proof. To prove Lemma 3.2 let us first denote the vertices of the dipolar loop
positioned at [zg,yo,20]. We will simultaneously prove the formula (8) for both
configurations of the dipolar loop, i.e. V7 and V5.

1% D

Fig. 1. Stable configurations V4 and Vs of dipolar loops positioned at [zo, yo, 20].
The way of assigning letters A, B, C, and D to the vertices.

The following table summarizes the coordinates of the vertices:

configuration V3 ‘ configuration V5
A [Io—h,yo—Fh,Zo—Fl] A [.To—Fh,yo—i-h,Zo—i-l}
B [zo+h,yo—h,zo+1] | B [z0—h,yo—h, 20 +1]
C [wo+huyo—h20—1 | C [xo—h,yo—h,z0 1]
D [xo—h,yo+h,z0—=1] | D [xo—+h,yo+h,zo—1]

The interaction force per unit length of dislocation line is given by the Peach—
Koehler equation, which written for the ith component reads

fi = €ijk0jmbmsi 9)

where we denote:

fi ith component of the interaction force per unit length of the dislocation
line
gij  Levi-Civita symbol
ojm components of the stress field tensor at the dislocation position
b, components of the Burgers vector
sy~ components of unit tangential vector of the dislocation line
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To obtain F7, we must integrate the Peach-Koehler equation along the dislo-
cation lines of the dipolar loop positioned at [zg, Yo, 20], 1. €. along its shorter and
longer sides.

Let us begin with the longer sides. Denote § the directional vector of the line
DA, and s’ the directional vector of the line BC:

§=1[0,0,1, & =10,0,—1] .

Denote the z-axis component of the interaction force per unit length of the dis-
location line f* and f’* for the lines DA and BC, respectively:

xr
ff=fH= €1j30j1b153 = €123021b153 = bUym = bUzy »

lx ! ! !
f% = fi = €1j3051b155 = €123021b155 = —boy, = —bogy .

Fig. 2. Orientation of the tangential vectors § and 5_7, and the z-axis components
of the forces f and f’ for the longer sides of dipolar loops.

The total force acting on the lines DA and BC'is given by the integration of f*
and f’® along the lines:

zo+1 zo+1
Fw:/ fwdz:b/ Ozy(To — h,yo + h, 2)dz

o—1

zo+! 2o+l
F/a::/ f/'LdZ:—b/ O-Iy(x0+h,y0—h,z)d2.

o—1

o—1

o—1

As we are interested in a total force acting on the whole dipolar loop, we sum F*
and F'* together and obtain

zo+l1
FT 1 Fle — _th/ (3%3,(3?0,2/072) _ 3%;;(950,2/0,2)) ds . (10)
Zo—l

or oy

The result in (10) was obtained using the Taylor expansion for o, about the point
[%0, Yo, 2] and neglecting the terms containing A in the power of 2 or more. This can
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be done under the assumption h is very small; it means that the derived expression
is valid for distances between loops sufficiently larger than h:

haUzy(UCmyan) _’_haazy(anyOaZ) ,
ox oy

3%@,(%7 Yo, Z) o h5'0my($07 Yo, Z)
ox Oy '

For the configuration Vo we get the formula very similar to (10) which differs only
in signs:

Uzy(x() - h,yO + h) Z) ~ ny(xmyoa Z) -

Uary(xo + h7y0 - h,Z) ~ O-xy(x07y0az) + h

F* + F'* = Qbh/ (11)

207[

Zo+1 agzy(x07y0az) + 301@4(%0,2/0»2) dz.
or dy

For the shorter sides AB and CD the directional vectors § and s depend on the
configuration of the dipolar loop. For the configuration V; we have

—

B { 1 1 0] - [ 1 1 O}
- \/57 \/i, I - \/57 \/57 I
while for the configuration V3 it differs in signs:
1 1 - 1 1
§=|-——,——%=,0] , §=|—&,—%,0] .

However, the z-axis components of the interaction forces per unit length of the
dislocation line g® and ¢’* for the lines AB and CD, respectively, will be the same
formulae for both configurations of the dipolar loop (due to the same y-axis compo-
nent of the directional vector in both cases):

) b b
g° = g1 =c¢€152051b182 = €1320310182 = —=0.p = —=04. ,
V2 V2
b b
/. ! ! !
gt = g) =c€152051b18y = €132031b18y = ——=0.p = ——=04 .
V2 V2

The total force acting on the lines AB and CD is given by the integration of ¢g*
and ¢'* along the lines. For the configuration V; it reads®:

h h
G‘T:\/§/ g$d77:b/ Uzz(x0+nay0777320+l)d77’
—h —h

h h
G/I:\/i/ g’“"dnz—b/ sz(x0+7]7y0_na20_l)dn'
—h —h

Similarly for the configuration Va:

h h
GI:\/i/ grdn:b/ Ozz(To+ M50 + 1,20 +1)dn ,
—h —h

h h
G’x:\/i/ g””dnz—b/ Oaz(To + 1,90 + 1,20 — 1) dny .
—h —h

3The constant v/2 in front of the integral comes from the substitution n = v/2¢ to make the
integral bounds simpler to write
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Fig. 3. Orientation of the tangential vectors § and s', and the z-axis components
of the forces g and ¢’ for the shorter sides of dipolar loops.

We assume h to be very small and use the Taylor expansions of g,, about the
points [xo, Yo, 20 + 1] and [0, yo, 20 — [] along the shorter sides of the dipolar loop.
For the configuration Vj, arbitrary ¢, and n in the interval [0, h] we get

8Jx Zo, 5 6Ux Zo, )
Uwy(xO — 1, %0 +777<) ~ aly(x07y0ag) -1 y(a(; L C) +77 y(a(;/ 4o C) )

(90'13 Zo, B agw To, 9
ny(xo +7771/0 - 777C) ~ o—my(x07y07<) +77 y(aox Yo C) -n y(az Yo C) .

If we split the integral for G* into two parts, it is obvious that all the par-
tial derivatives vanish as the stress field is symmetric around the middle point
[%0, Yo, 20 + 1] of the side AB:

h
G* = b/ Oz=(To + 1,90 + 1,20 +1)dn
—h

0 h
= b/ sz(170+77,y0+77,2’0+l)d77+b/ O2=(To + 1,90 + 1,20 +1)dn
—h 0

h
b/ Ua:z(mm Yo, 20 + l) d77 = thsz(J}(), Yo, 20 + l) .
—h

Similarly, the partial derivatives in the formula for G’* vanish too. As above for
F* and F'®, we sum G® and G'* together and obtain

G” + G'" = 2bh (042(%0, Y0, 20 + 1) — 022 (T0, Y0, 20 — 1)) (12)

for both configurations of the dipolar loop.
As the z-axis component of the total force acting on the dipolar loop positioned
at [zo, Yo, 20 is the sum along all the sides of the dipolar loop, the proof of the lemma

is complete.
Fi=F"+F*+G"+G" (13)
O
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Before we begin the proof of Theorem 3.1, let us recall the stress field tensor
formula presented by Kroupa et al [3] which uses Einstein’s symbolic rule for sums
over the indices 7, j, k,n € {1,2,3}:

(1-2v
Uij = 1 — y // { |: )bkgkungn (4V — ].)ka]{| 51’]‘

3v
+(1 = 2v) (bivj + bjv) + 2 [brok(vioj + vjoi) + viok(bioj + bjoi)]

3(1 —2v 15
+(Q2>kainQj - éﬁbwkvngnmgj} dA.

The symbols which were not yet introduced in this article follow:

A area of the dipolar loop, with dA = 2hv/2d¢
0i, 0j, Ok, 0n,  components of the relative position vector, 01 =, 00 = y,03 = 2

o relative distance from the dipolar loop, o = \/0? + 03 + 03
Vi, Vj, Vi,V ~ components of the dipolar loop normal vector
d;; Kronecker symbol

Proof. The basic idea of the proof of Theorem 3.1 is to put Kroupa’s formula
of the stress field tensor into (8) and do as much analytical work as possible.
For h very small it is valid for the differential of dipolar loop’s area that

dA = 2hV/2d¢ . (14)

We rewrite the components of the stress field tensor that we need using (14).
First, we consider oy:

2hby/2
Uwy(Qh:QQ;Q?)) = 0'12(@17@2’@3) 45;_(1 V) / {QS (1—21/) 1] (15)
- l

3v
+E [01 (V102 + v201) + 02 (V101 + 1202)]

3(1 —2v 15
+(g5)V1Q1Q2 - ?Q%m (r101 + v202) }dC .

Now we replace v and v for the dipolar loop configuration* Vi (the upper signs)
or V5 (the lower signs):

1
Ouy(®,y,2) = —27T('lihby)/_l{i(1—2u)913 (16)

+ [£3v (2® + y?) + 32y] i—15(91:j:y):c y 7}d§

4Note we act here with the configuration of the loop positioned at the origin of the coordinate

system
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The only terms containing ¢ in the integrand are the fractions of p. These can
be easily integrated. We skip this a little bit technical work and present the result:

whb l—z I4+z rty 2y
x IR = - + + -8 —"—
Oay(2, Y, 2) 27r(1 —v) { [ o_ * 0+ (22 + y2)2 (z£y) 2 492
l—2 I+ z] Ty 5 5
+ + —| |V + ——— (v — 32" F4zy
[ 0= o4’ (a2 +y2)° ( )
l—2z 14z 3z%y(z £ y)
— . 17
+{Q—5+Q+5][ z? +y? {17
The component o, will be processed similarly to oy, .
0s2(01,00,03) = o013(01,02,03)
___puhbv2 /
= a0 )\ 7 2 lowvios + (101 + 1202) 03]
3(1—-2v 15
+%V1Q193 - ?Qfgs (r101 +1v202) }dC

As before, we replace v; and vs for the dipolar loop configurations Vi (upper
signs) and V5 (lower signs):

hb 3
Oorlo,12) = QJjﬁmﬂ{gwuo+wim@m (s
P2 o= Dt Ol ) dg

B whb ! z—C z—C

= —Qﬂ_(l_y)/_l{?)(a::l:yy) ps 2(z 1) o }dC.
Recalling the definition of ¢ and its differential

Q(‘T7yaz_<) = \/$2+y2+(2_<)2
do = S

it is easy to follow that the right-hand side of (18) is simple to integrate:

[ - w3

z—C 1 2-¢ do 11
d = — —_— — d = — —_— = o= .
/ o’ ¢ /Q6 0 (=d0) o 5¢°
Skipping the technical work we get to
whb
_ = 1
ruons) = gL L e (19)

oo e @”iy))}
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Next, we need to get partial derivatives of (17) with respect to 2 and y and then
integrate them in the formula (8). This is again only a highly technical process.
Hence, it is possible to get exact analytical formulae for the partial derivatives of
(17) as well as the resulting (8).

We must be careful here to avoid mixing Burgers vectors b between the dipolar
loops (we should preserve the type of the stress generating dipolar loop — positioned
at the origin of the coordinate system, and the type of the dipolar loop exposed to
the generated stress).

Finally, we get to the 3 formulae of Theorem 3.1. O

FB(x, v, 2) [in nN] outside disc (r =6 nm) F.Y(x, . 2) [in nN] outside disc ( =10 nm)

phbhbonsony

5

FA(x, y. 2) [in nN] outside disc ( =20 nm) FY(x, . 2) [in nN] outside disc (r =50 nm)

0.06
0.04
0.02

-0.02
0.04
-0.06

(¢) » =20 nm (d) » = 50 nm

Fig. 4. Dependency of the force between two dipolar loops on the relative position of the
centers of dipolar loops. For clearness, values in the central discs of growing radiuses
around one of the dipolar loops are set to zero. This allows seeing the minimum and

maximum values of the force beyond a circular threshold. Radiuses of the discs are

6, 10, 20, and 50 nm.
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F(x, y, 0) fin nN]

(e) Vacancy dipolar loops Vi — Va

F2(xy, 0) fin nN]

L

(f) Vacancy dipolar loops Vi — Vi

Fig. 5. Force between two dipolar loops of different types and/or configurations placed in
the same glide plane (z = 0): e) Vacancy dipolar loops of different configurations,
f) Vacancy dipolar loops of the same configuration.

4. GRAPHS OF THE INTERACTION FORCE

In a dislocation dynamics simulation with a small density of dislocations, i.e. if the
distances among dipolar loops are comparable with or greater than approximately
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3h, we can use the above derived formulae to speed up the computation. However, if
the density of dipolar loops is high and the distances among dipolar loops are smaller
than 3h, we get to the situation where the formulae are not accurate (because of
the assumption of h small when comparing to the distance of the centers of the two
dipolar loops in the proof of Theorem 3.1.

The real error of the interaction force formulae for very small distances of the
two dipolar loops is still a matter of investigations. Therefore, the graphs of the
interaction force between two dipolar loops presented here do not show the values
for small distances (p < 3h).

Figure 5 shows the graphs of the force between two dipolar loops depending on
the x and y relative position between the loops. The coordinate z is chosen to be 0.
Two different combinations of types and configurations of the two dipolar loops are
presented.

The force is very strong in the short range around the origin, i.e. around the po-
sition of one of the dipolar loops. It very rapidly looses its power with the increasing
distance of the two dipolar loops.

To get the notion how fast the force interaction between two dipolar loops looses
its power depending on the distance of the two dipolar loops, Figure 4 shows several
graphs of the force Fggl)(x,y,O) with zero value discs of growing radiuses around
the center of one of the dipolar loops. The minimal and maximal values of the
interaction force outside the central discs can be easily read from the graphs.
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