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Abstract

As a series study of the discrete dislocation dynamics (DDD) simulation on the
interfacial dislocation network in Ni-based superalloys, we have performed various
DDD simulations on the stability of dislocation network and its interaction with a
prismatic dislocation loop. Dislocations can’t keep its network shape if the line and
Burgers vectors are set to the experimental observation, while we can actually obtain
stable networks with the vectors and slip plane reported in molecular dynamics
(MD) simulations. Then we bump a prismatic dislocation loop into the networks,
showing that a mesh knot is replaced by the prismatic loop as reported in our
previous MD simulation. The interaction can be explained by the junction formation
between the network and prismatic loop, so that we can conclude that any special
modeling is not necessary for this interaction between the network and prismatic

loop.
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1 Introduction

Dislocation motion in the unique microstructure of single crystalline Ni-based
superalloys draws keen interest of many researchers, not only the specialists
of transmission electron microscopy but also the computational mechanics re-
searchers [1]. Even if the computation couldn’t be directly combined to the
prediction of the creep curve or creep lifetime, we believe that the compu-
tation could give us some useful insight on the hopelessly complicated real
phenomena. From such a point of view, we have conducted many molecular
dynamics (MD) and discrete dislocation dynamics (DDD) simulations [2-5],
density functional theory (DFT) calculations on the lattice instability of Ni
and NizAl perfect lattices as well as the anti-phase boundary (APB) energy [6],

and even the quasi-continuum (QC) analysis [7].

As an experimental background, network-like misfit dislocations are often
found on the rafted ' plate [1,8,9]. Harada’s research group has energetically
investigated the characteristics of the misfit dislocation networks, reporting the
creep lifetime correlated with its mesh spacing as well as the network formation

mechanism [10-12]. There is a missing link, however, for the formation process

* Corresponding author. Tel&Fax: +81-78-803-6303
Email address: yashiro@mech.kobe-u.ac.jp (K. Yashiro®*, M. Konishi® and

Y. Tomita?).
URL: http://solid.mech.kobe-u.ac.jp/ (K. Yashiro®*, M. Konishi® and Y.

Tomita?).



since it is assumed from the morphology and dislocation characters before and
after the creep test. The effect of mesh spacing is also supposed by comparing
different superalloys. Thus we have applied our back-force model [4], which is
derived from the APB energy between the superpartials in the 4’ phase and
encoded in the DDD simulation code developed by [13,14], for the cutting
phenomena. However, it remains a significant question whether we can treat
the misfit dislocation as same as the real dislocation gliding in a mono-lattice.
Zhu and Wang[15] have investigated the energy and structure of misfit dis-
location networks on the interface between Ni and NizAl single crystals, by
changing the crystal orientation in their MD simulations. We have also per-
formed many MD simulations, from the viewpoint of the interaction between
the misfit dislocation and the usual dislocation in a mono-lattice [3,5]. The
results suggest that we can basically treat the core-interactions within the
framework of the dislocation theory, or the Burgers vector problem, while we
have also observed the generation of the complicated dislocation structures
like the stacking fault tetrahedra (SFT) and the prismatic loop, due to the
nucleation of new partial dislocations from the misfit network[5]. On the pris-
matic dislocation loop, especially, we have also reported that the mesh knot
of misfit dislocation network attracts it and changes the network morphology,
in the MD simulation of indentation[3]. The prismatic loop may also play an
important role in the network formation in real superalloys [10], so that it is of
great interest to model the interaction between the misfit dislocation network

and a prismatic dislocation loop.

In the present study, various DDD simulations are conducted on the stabil-
ity of dislocation network on a flat /4" interface and its interaction with a

prismatic dislocation loop. Of course it would be a rigorous way to bottom-up



the detail investigation of MD simulations; however, it is so far difficult to
combine the results directly to the dislocation theory, due to the insufficient
simulation box or the computational limit for real boundary condition. Thus
it is rather fruitful to approach the phenomena from both bottom-up and top-
down approaches, that is, not only the atomistic scope but also the continuum
based dislocation theory. Comparing the MD and DDD result each other, we
can judge whether we have to propose a new model for the DDD simulation

or not.

2 DDD Formulation and Back Force Model

The DDD simulation code, Micro3D, which is a part of the comprehensive
multiscale dislocation dynamics plasticity package, MDDP[14], is used in the
present study. The package can treat the eigenstrain problem of the precipi-
tate in the matrix as well as the mirror force from the hetero-phase interface
by the superposition of the FEM results; however, we don’t perform such cou-
pled analysis of DDD and FEM since the difference in the shear moduli is
so little and the main target of this study is the core-level interaction be-
tween the interfacial dislocation network and a prismatic loop. According to
the formulation by Zbib et al.[13], all the dislocation curves are discretized
into many straight line segments of mixed dislocation characters. Then the
force acting on a dislocation node is evaluated with the stress field from all
the other segments except the two segments include the node itself, according

to the following equation;

X
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where F;(p) is the force acting on the node i at the position vector p, 7.1 (P)
is the stress from a straight segment between the node j and j + 1, 6®(p) the
external stress at the position p, bj and & the Burgers vector and dislocation
line vector, respectively. The self force Fj_ge is defined by the dislocation
curvature at the node 7. Then the next position of the node i is obtained by
integrating the following equation of motion numerically;

. 1
mV;j + mvi = [Fi]glide—component (2)

here m is the effective mass of dislocation, Vi and V;j the acceleration and
velocity, respectively, and [Figiide—component the effective force on the active
slip plane. The second term in the left-hand side of the equation represents
the damping effect such as phonon drag, with the mobility parameter M
which depends on the temperature 7' and pressure p. The time increment

for numerical integration of Eq.(2) is set to At = 1.0 x 1077 [s].

In the Micro3D, the short-range or core-level interaction is treated with the
“local rule” between dislocation segments [13]. That is, the annihilation, junc-
tion and jog formations are judged by the dislocation line, Burgers vector
and force, for the segments access each other within a critical distance. We
have then proposed another local rule, “back force model”, for segments cut
into 7" precipitates. A dislocation node receives repulsive force or back force
against making the APB, when the next position is in 4’ precipitate. Here we
ignore the anisotropy of the back force and assume that the back force per
unit length, Fj, [N/m], acts normal to dislocation line. When a straight seg-
ment per unit length travels with the distance n [m] into the 4’ phase, it does
the work of Fyn [N] per unit length against the back force. On the other hand,

the segment leaves the APB of the width n [m] so that the energy increase



per unit length is evaluated as Eapgn [N], here Eapg [J/m?=N/m] is the APB
energy per unit area. Identifying the work with the energy increase, we get
F, = Eapg [N/m]. The trailing dislocation, or trailing superpartial, receives

an attractive force of the same magnitude.

3 Stability of Dislocation Network

3.1 Simulation Procedure

The simulation box of 0.38umx0.38m x0.38um shown in Fig. 1(a) and 1(b)
is used in the simulations. The lower half is defined as the ~' phase of which
shear modulus is 85 [GPal, while the upper one is the - phase of the modulus
80 [GPa]. The Poisson ratio is set to 0.3 for both phases. Periodic boundary
condition is applied in the z and y directions, while the free surface condition
is set along the z axis. The crystal orientation is set as usual, the [100], [010]
and [001] are the z, y and z axes, respectively. Three network models are
considered; Network 1 and 2 have the dislocation lines in the [100] and [010]
directions as schematically shown in Fig. 1(a). Zhang et al. [10] have reported
that the Burgers vectors of the network are normal to the dislocation lines
(edge dislocation) but declined 45 ° from the (001) interface, as illustrated in
Fig. 1(c) for the case of [100] dislocation lines. That is, the dislocation lines
are not on the usual (111) slip planes so that they are sessile dislocations.
According to their experimental results, we have set the Burgers vectors of
Network 1 alternatively to the [011] and [011] for the [100] dislocation lines, the
[101] and [101] for the [010] lines, respectively. Here, the convention for Burgers

circuit is adopted, i.e., the sign of Burgers vector is defined on the right-handed



screw rule. For Network 2, we have considered that the misfit dislocation could
glide on the (001) interface, so that we have set the (001) interface to the
slip plane. Since the Burgers vectors should be parallel to the slip plane and
normal to the dislocation line as misfit edge dislocation, they are set to the
[010] for the [100] lines as shown in Fig. 1(d), the [100] for the [010] ones,
respectively. The last, Network 3, is derived from MD results, i.e. the lines are
the [110] and [110], the Burgers vectors are normal to the lines. The slip plane
of Network 3 is also set to the (001) plane as same as Network 2, as illustrated
in Fig. 1(e). These dislocation networks are located just on the interface in
the v phase side. The mesh spacing is 0.063um for Network 1, while two mesh
spacing are considered for Network 2 and 3, 0.063pum and 0.046pm for the
former, 0.066pm and 0.044um for the later, respectively. The DDD simulations
are then performed during ¢t = 200At¢ without external loading. Here, the
interfacial strain between 7 and 7' phases is not considered in the present
study. Thus the network dislocations feel only the stress field of themselves,
if there is no external load. For the precise treatment of interfacial strain, we
should consider the eigen strain of the precipitate and perform FEM-DDD
coupled simulations; however, as previously mentioned, the main objective
of this study is the core-level interaction between dislocation network and a
prismatic dislocation loop. Thus we have so far neglected the effect of lattice

misfit.

3.2 Result and Discussion

Figure 2 shows the snapshots of dislocations in the calculation of Network 1,

with the slip plane as the usual {111} plane. In the figure, the motion is shown



in the 3D bird view and 2D side view, respectively. The dislocations slide away
from the interface and can’t maintain the initial shape of the network despite
of no loading. The roughness of dislocation lines in the v phase is due to the
multiple slip of the [100] dislocation line penetrating many (111) slip planes.
No dislocation cuts into the 4’ phase because of the back force against the

APB.

Figure 3 shows the motion of dislocation in the simulation of Network 1, with
the slip plane of the (001), or the interface between « and ' phases. The thick
black lines indicate the junction segments. Dislocations make junctions at the
mesh knots just after starting the calculation as in Fig. 3(b). Then the junc-
tion segments grow and coalesce with each other (Figs. 3(c)~(e)), resulting
in the final orientation in the [110] and [110] directions, as observed in MD
simulations. This change can be explained by the dislocation circuits schemat-
ically illustrated in Fig. 4. In the figure, the line directions are indicated with
the arrows while its Burgers vectors are written in the Miller’s indices. The
experimental observation, Fig. 4(a), can be rewritten as Fig. 4(b) where the
line directions are alternately defined and corresponding Burgers vectors are
also reversed, resulting in a checker-flag arrangement of the clockwise and
counter-clockwise circuits. The junctions can be formed as the magnified fig-
ure in Fig. 4(c), without any discrepancy, at the mesh knots between the
counter-clockwise and surrounding clockwise circuits. The junctions grow so
as to extend the circuits, finally the non-circuit mesh vanishes and the network
oriented in the [110] and [110]. It is also noteworthy that the Burgers vectors of
these junctions are parallel to the (001) interface, that is, they don’t have the
z-component in the Miller’s index, while the original Burgers vectors or the

experimental observation are out-of-plane from the (001) interface. Thus we



may conclude that the “misfit”dislocation glide in the (001) interface should
have the Burgers vector parallel to the interface and also normal to the line,

i.e. edge dislocation character, for making the stable network.

The slip plane for Network 2 and 3 is also set on the (001) interface. Fig-
ure 5 shows the morphology of the networks after the t = 200At¢ calculation.
Regardless of the network orientation and mesh spacing, all the network is
stable and keeps its initial morphology. This is absolutely due to the limita-
tion of continuum based approach; in this DDD simulation we can’t consider
the lattice misfit nor the crystal anisotropy so that any network could easily
exist only if a condition is satisfied, that is, the glide plane is (001) and the
Burgers vector is on the interface and normal to the dislocation line, or the
edge character. Network 3 is actually observed in many MD simulations and
also suitable to the result of Network 1 with the (001) glide plane. Consid-
ering the [101] Burgers vectors of usual dislocation in vy phase, the formation
mechanism discussed in Figs. 3 and 4 is natural for the interfacial dislocation
on the rafted +' plate. On the other hand, Network 2 might not exist since we
can’t so far find it in MD simulation; however, we also treat the network in

the following section, as an artificial network which can exist in the continuum

based DDD framework.

4 Interaction with Prismatic Dislocation Loop

4.1 Simulation Procedure

Prismatic dislocation loop is composed of edge dislocations, of which primal

slip plane is not on the same plane. Thus the loop glides along the “prism”



normal to the loop. We have thus modeled the loop as schematically shown
in Fig. 6, where the four edge dislocations are indicated with the dashed line
on the different slip planes. In the figure, two Thomson’s tetrahedrons are
connected at Line ab; the near side one is convex upward against the paper
surface, the other convex downward. Dislocations A and C are on the different
(111) planes, and Dislocations B and D also on the different (111) ones. The
Burgers vector is the [011] throughout the loop, normal to all Dislocations

A~D, that is, the loop is composed of edge dislocations.

We have then performed DDD simulations to bump a prismatic dislocation
loop into the network dislocations. As shown in Fig. 7, a prismatic loop is
located near the interface in the simulation box of Network 3 and 2, of which
mesh spacing is 0.066pum and 0.063um, respectively. The side length of the
loop is 0.053um. The indentation stress is applied on the prismatic loop along
the prism direction, to approach the loop to a mesh knot on the network. That
is, the dislocation segments of the loop always feel shear force by pushing into
the prism piston as illustrated with arrows in Fig. 7. We didn’t implement
the same simulation on Network 1 with the changed morphology of Fig. 3(f),
since it is identical to Network 3 in the dislocation theory but needs many

segments before the collision by a prismatic loop.

4.2 Result and Discussion

The interaction between Network 3 and the prismatic loop is shown in Fig. 8.
The dashed lines in Figs. 8(a) and 8(b) indicate the prismatic slip plane.
In another simulation without network, the loop glides keeping its shape;

however, the lower part of the loop, Dislocations B and C in Fig. 8(b), are
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attracted by the network. When they first land on the interface, the mesh knot
is also attracted and each Dislocations B and C forms a single dislocation by
the coalition with two network lines, warp and weft threads, as shown in
Figs. 8(c) and 8(d). The interaction is magnified in Figs. 9(a)~9(d), and the
relationships of Burgers vectors are also written in Figs. 9(e) and 9(f), the
close-up top view. The legend “a” indicates the apex between Dislocation B
and C. As shown in Figs. 9(a) and 9(b), Dislocations B and C touch the
network lines, of which directions are the [110] and [110] so that the Burgers
vectors are the [110] and [110], respectively, and form the junctions as the

result of the following reactions;

[110] + [011] = [101], [110] + [011] = [101] (3)

These reactions attract the mesh knot as shown in Fig. 9(e), leading the further
reaction between the junction segments and another network lines, according

the following relations;
[101] + [110] = [011],  [101] + [110] = [011] (4)

The Burgers vectors are written in Fig. 9(f). That is, the segments are com-
posed of three dislocations, and the Burgers vector is out-of-plane against the
interface. Back to Fig. 8, the upper part of the loop finally touches down on the
interface, replacing the mesh knot by a dislocation loop as shown in Figs. 8(e)
and 8(f). The shape is same as the initial prismatic loop, however, the Burg-
ers vector is changed so that the loop has the original [011] in the upper part
and the conjugate [011] in the lower. This interaction coincide with the MD
results so that we conclude that this phenomena can be basically treated in
the continuum framework, while it is rather difficult to identify the Burgers

vectors in the complicated MD simulation.
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Finally we show the dislocation motion in the simulation of Network 2 in
Fig. 10. Here, as mentioned in the previous section, it should be noted first
that this interaction may not exist in reality. The lower part of the prismatic
loop is also attracted by the network as same as Network 3. The dislocations

react only with the weft thread, according to the following equation;

[010] + [011] = [001] (5)

Thus the dislocation still has the Burgers vector normal to the dislocation line

while the rest of the loop has that of the original [011].

5 Summary

For understanding of the stability of the interfacial dislocation network and its
interaction with a prismatic dislocation loop, we have performed various DDD
simulations by encoding our back-force model, or the APB energy in 4’ phase,
into the Zbib’s DDD code. The network dislocation cannot maintain its shape,
with the line directions and Burgers vectors observed in the experiments,
if we set the slip plane to the usual (111) plane. On the other hand, the
dislocations form junctions to orient in the [110] and [110] directions with the
glide plane along the (001) interface, as reported in many MD simulations.
It is also explained that the out-of-plane [011] Burgers vector is changed to
the [110] family, parallel to the interface, by the junction formation without
any discrepancy. Then we bump a prismatic dislocation loop into a mesh
knot of network dislocations, showing that the mesh knot is replaced by the
loop, as reported in our previous MD simulation. We have also shown that

this interaction can be explained by the junction formation or the additional

12



theorem of the Burgers vector. That is, any special modeling is not necessary

for this interaction between the misfit dislocation network and prismatic loop.
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Fig. 5. Dislocation networks after ¢ = 200At¢ calculation (Network 2 and 3).

Fig. 6. Schematic of slip plane and prismatic dislocation loop.
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Fig. 7. Simulation models for interaction between network dislocations and a pris-

matic dislocation loop.
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