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The structure of the /7' phase interface in a Ni-based single-crystal superalloy is simulated by molecular
dynamics (MD) using an embedded atom method potential. From the calculated results we find that three
dislocation network patterns, namely square, rectangle, and equilateral triangle, appear on {100}, {110}, and
{111} interphase interface, respectively. The dislocation networks consist of four edge dislocations ((011) {100},
(110) {110}, (001) {110}, and (112) {111}). The energy of the /' phase interface for {100}, {110}, and {111}
plane is 271 mJ/m?, 240 mJ/m?, and 32 mJ/m2. The side length of network is 166.8 A for the square,
166.8 A and 235.8 A for the rectangle and 166.8 A for the equilateral triangle. The relationship between the
size of network and mismatch is presented quantitatively. The calculated results can be supported by very
recent experiments. Based on the MD simulation and the energy analysis we have revealed the basic charac-
teristic of structure on y/+y’ phase interface. The related mechanism of the stability of the interphase interface

is also discussed.
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I. INTRODUCTION

Nickel-based single-crystal superalloy is one of the most
important structural materials for advanced aircraft turbine
blade. It consists of a Ni-based matrix (fcc y phase) with a
dispersion strengthening phase, i.e., the ordered intermetallic
precipitate particles of NizAl (L1, y' phase). In the single
crystal superalloy, the ¢’ volume fraction can reach 70% or
even higher. The particle size of about 0.45 um appears to
be optimum for the yield strength and creep strength and also
for hot hardness.'™

Both Ni and NizAl possess face-centered-cubic structures,
with very similar lattice parameters. The lattice parameter is
3.52 A for fcc Ni (as a modeling vy phase in this work) and
3.567 A (expt) or 3.573 A (calc) for L1, Ni;Al (as a model-
ing ' phase in this work).* Because the lattice parameters of
the two phases are not identical, the stress field resulting
from the lattice mismatch will be created, which depends on
the surface state of the precipitate phase. Obviously, the in-
terphase interface with the stress field is unstable. Based on
the principle of minimum energy, the atoms on the interphase
interface will rearrange in order to minimize the elastic stress
field between vy phase and 7’ phase, i.e., a self-accom-
modating process. Then the network of the interphase inter-
face dislocations will be created and the interphase coher-
ence will be affected. This process shows that the formation
of dislocation networks is an important way to reduce the
distorted energy. From the above discussion it can be sup-
posed that the interphase interfaces with dislocation net-
works will widely exist in the single-crystal superalloy, and
will have great influence on the mechanical properties of the
superalloy.

In the present work, the molecular dynamics (MD)
method is used to simulate the /7y’ phase interface with the
indices of {100}, {110}, and {111} in the Ni-based single-
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PACS number(s): 61.50.Ah, 61.72.Bb, 62.20.Fe, 68.35.Fx

crystal superalloy. Regarding the crystallographic properties
introduced by lattice misfit, we have proposed six initial
models. Simulations are performed using Voter-Chen-type
embedded atom method potential.* The results show that
three different edge dislocation networks are formed on the
interphase interface by the MD simulations. The related phe-
nomena have been observed in recent experiments.>~!! In this
paper we focus on studying the characters of atomic configu-
rations on the /vy’ phase interface and exploring the related
mechanism to understand the mechanical properties of the
single-crystal superalloy.

II. MODELING AND SIMULATION

In this paper, the structure of the /7' phase interface in
the Ni-based single-crystal superalloy is simulated with mo-
lecular dynamics. The Voter-Chen-type (VC) embedded
atom method (EAM) potential is used, which is very suc-
cessful in the study on the Ni- Al system.!>!°

As we know, the lattice misfit corresponds to the defor-
mation of invariant lattice, and the mismatch & is defined as
the normalized difference in the lattice parameter between 7y
and 7', given by

a., —da
s=2—"—2, (1)
a,y/+a,y

where a,, is 3.52 A, a, is 3.573 A (calc); for the y/y' phase
system, & is 1.5% (calc).

When the mismatch exceeds the limit of elasticity, the
misfit dislocation will be formed on the interphase interface
to reduce the distorted energy of the system.!” Considering
the concept of coincidence site lattice (CSL) on the misfit
interphase interface, we can write such a relation of
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where n is n-fold of the lattice parameter, for the y/y" phase
system,

n=—2 ~ ¢ 3)
r—a

It indicates that within the range of misfit interphase inter-
face formed by 66 7' lattices and 67 vy lattices, the stress
induced by the difference of lattice parameters should be
relaxed.

According to the above relaxed configuration we can con-
struct different structure units of interphase interface. The
created models are shown in Fig. 1. In the models A, B, and
C, the periodic boundary conditions are employed along the

(e) Model E
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FIG. 1. The diagrammatic
sketch of the initial models and
the relaxation results. In models
A, B, and C, periodic boundary
conditions are employed in the
x,y directions, free boundary con-
dition is in the z direction. In
models D, E, and F, the periodic
boundary conditions are employed
along all three directions. The
misfit dislocation networks are
formed on the interphase interface
after relaxation.

(f) Model F

After

relaxation

directions parallel to the interphase interface, while the free
boundary condition is employed along the direction vertical
to the interphase interface. Considering the 7' phase is a
three-dimensional precipitate phase, we construct three
“sandwich style” initial models D, E, and F. In these models,
the y' phase structure units are sandwiched in the y phase
structure units, so the periodic boundary conditions can be
used along all three directions.

For the sake of comparison, the same amount of atoms are
chosen in the six models. Moreover, in order to eliminate the
effect of interactions between the interfaces, we choose a
larger thickness to create our models, the thickness of the
phase structure unit is 48a for models A and D, 24\2a for
models B and E, and 83a for models C and F (see Table I).

Through the MD relaxation at 7=0 K we can find the
equilibrium atomic structure of dislocation on the y/vy’

TABLE 1. Atomic configurations of the initial models. Models A, B, and C are the structure units with one y" block and one 7y block.

Models D, E, and F are the “sandwich style” structure units with one 7' block and two identical y blocks. All the models with different
interphase interfaces have 1489152 Ni atoms and 209088 Al atoms.

Number of atoms in 7y block

Number of atoms in y" block

Interphase interfaces

Model (Ni-based fcc) (NizAl L1,) and orientations (x,y,z)
A Ni: 67X 67 X 48 X 4=861888? Ni: 66 X 66 X 48 X 3=627264 (100)
D Ni: 67 X 67 X 24 X 4=430944 Al: 66X 66 % 48 X 1=209088 [010] [001] [100]
Ni: 67 X 67 X 24 X 4=430944
B Ni: 6712 X 67 X 2412 X 4=861888 Ni: 6612 X 66 X 2412 X 3=627264 (110)
E Ni: 6712 X 67 X 1242 X 4=430944 Al: 6642 X 66 X 2412 X 1=209088 [T10] [001] [110]
Ni: 6712 X 67 X 1212 X 4=430944
C Ni: 6716 X 6712 X 813 X 4=861888 Ni: 6616 X 6612 X 813 X 3=627264 (111)
F Ni: 6716 X 67v2 X 43 X 4=430944 Al 6616 X 6612 % 813 X 1=209088 [112] [T10] [111]

Ni: 6716 X 6712 X 413 X 4=430944

4, X1, X1, Xn,=N, where 1, 1, and [, are the size (in lattice parameter) of the structure units, 7, is the corresponding number of atoms in

a primitive cell, and N is the number of atoms in the block.
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FIG. 2. Total energy (in MeV) as a function of the relaxation
time (in ps) in the six models.

phase interface, which will be used in the first principle cal-
culation to study the electronic structure and doping effect
(we are undergoing). According to the tendency of conver-
gence, the time steps taken are 6 fs (1 fs=10" s) for mod-
els A and D, 3 fs for models B and E, and 8 fs for models C
and F.

III. RESULTS AND DISCUSSION

The function of the total energy versus relaxation time is
shown in Fig. 2. It reveals that with the same boundary con-
ditions, the models B or E with {110} interphase interface
reaches the equilibrium state by the slowest speed. After
100 ps (1 ps=107"%5) relaxation the biggest rate of change
(AE o1/ Atyeiaxation) 10 the six models is only 6.12 eV/ps (for
model E), which means that the systems have reached the
equilibrium state. In this paper, models A, B, and C are used
for the geometric and general qualitative analysis. For mod-
els D, E, and F, because the periodic boundary conditions are
applied along all three directions and have no free surface,
they will approach three-dimensional bulk. Therefore, all the
energetic calculations can be performed on the basis of the
simulation results of them.

Comparing the total energies at equilibrium states for
models D, E, and F, we can see that for the {111} interphase
interface the total energy is the lowest, the second is for the
{100} interphase interface, and for the {110} interphase inter-
face the energy is the highest. The results are consistent with
that in fcc or for the L1, structures the {111} plane is the
closest-packed plane, and the {100} plane is next to it.

To study the stability of interphase interface, we calculate
the interphase interface energy between the y and ' phases
for the models D, E, and F according to the following equa-
tion:

Esandwich - (Ey + Ey’)

E ;= s 4
Yy 25 (4)

where Egqwich 18 the total energy of the sandwich model
which contains two interphase interfaces, E, is the total en-
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TABLE 1II. The y/v' phase interface energy (in mJ/m?) for the
different interphase interfaces.

Interphase interface Eyy
(100) 271
(110) 240
(111) 32

ergy of the perfect y matrix, £,/ is the total energy of the
perfect ' precipitates, and S is the surface area of the inter-
phase interface. The results are listed in Table II.

From Table I, it is found that the interface energy E.,,, of
{111} interphase interface is much lower than that of the
other two, which means that (111) is the most favorable di-
rection for the precipitation of y' phase to grow.

In addition, we calculate the surface energies of Ni, Al,
and NiszAl, which also present the stability of interphase in-
terface in the precipitating process. Table III lists the calcu-
lated results and the experiment values'® as well as the oth-
er’s calculations.'* The surface energy is given by

E,-E,

E =
s 2S

, (5)

where E; is the total energy of a perfect lattice with surface
(periodic boundary in two directions parallel to the interface,
free surface in the other), E, is the total energy of a perfect
lattice without surface (periodic boundaries in all three direc-
tions), and S is the surface area of the interface.

From Table III it can be found that the surface energies of
Ni and Al are both in good agreement with the experiment
results and other calculations.

Based on the potential energy of atoms, we have selected
the atoms with the higher potential energies in the disloca-
tion core area and along dislocation line. The patterns of the
misfit dislocation networks in the six models are shown in
Fig. 3. It can be seen that the misfit dislocation networks are

TABLE III. Surface energies (in mJ/m?) in comparison with
experimental and other work. The {111} surfaces have the lowest
surface energies.

Mishin and
Interphase Present Farkas Expt.
Object interface work (Ref. 14) (Ref. 18)
Ni (100) 1762 1878
(110) 2003 2049 2280+350
(111) 1630 1629
Al (100) 869 943
(110) 1006 1006 980+150
(111) 832 870
NizAl (100) 1923
(110) 2081
(111) 1769
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FIG. 3. The patterns of the misfit dislocation networks in six models. The square, rectangle, and equilateral triangle networks are
presented in the (100) interphase interface of (a) model A and (d) model D, (110) interphase interface of (b) model B and (e) model E, as
well as (111) interphase interface of (c) model C and (f) model F, respectively. The side length of the networks is 166.8 A for the square,
166.8 A and 235.8 A for the rectangle, and 166.8 A for the equilateral triangle. The scales are given in A.

formed in all the models, and the shape of each network only {110}, and {111} interphase interface, respectively, and the
depends on the type of interphase interface. The square, rect- side length of the networks is 166.8 A for the square,
angle, and equilateral triangle networks appear in {100}, 166.8 A and 235.8 A for the rectangle, and 166.8 A for the
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FIG. 4. The misfit dislocations
on the interphase interface. The
positions of dislocations are
circled and the details are shown
in (a) [the [011] (100) edge dislo-
cation], (b) [the [110] (110) edge
dislocation], (c) [the [001] (110)
edge dislocation], and (d) [the

[112] (111) edge dislocation], re-

spectively. The spheres and circles
represent different layers, and the

grey spheres represent Al atoms.
The scales are given in A.

111

g

equilateral triangle. The simulation results indicate that the
densest dislocations appear on the {111} interphase interface.
Similar patterns have been observed in experiments with
high resolution electron microscopy (HREM).0-!!

From Fig. 3 and the calculated results, it can be seen that
the size of the misfit dislocation network for the interphase
interface is determined by the lattice parameters of 7y phase
and ' phase. Based on the interphase interface models and
the patterns of the dislocation networks, the side length d can
be given as

d ﬂ, (6)

Gy —dy
where a,, and a,, are the lattice parameters of the y phase
and vy’ phase, respectively. Considering Eq. (1), we find that

the dimension of the misfit dislocation network is correlated
with the mismatch parameter of 8. Equation (6) then be-
comes

1 1 a,
d0<<5+2>ay 5 (7)
Equation (7) indicates that the larger the & is, the smaller the
d is. The relationship between 6 and d can essentially explain
the experimental observation referred to in the work of the
National Institute for Materials Science (NIMS) in 2004.%:10

In order to determine the crystallographic indices of the
dislocations, the atoms in the plane perpendicular to the dis-
location line are drawn in Fig. 4. The results show that the
three different dislocation networks are composed of four

edge dislocations with indices of (011) {100}, (110) {110},
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TABLE IV. The edge dislocations correspond to the networks of
the different interphase interfaces.

Interphase interface Edge dislocation Index
(100) [011](100) (011){100}
[011](100)
(110) [110](110) (110){110}
[001](110) (001){110}
(111) [112](111)
[121](111) (112){111}

[211](111)

{001) {110}, and (112) {111}, where the slip plane is along the
interface. In fact, in the (100) interface, the [011] (100) and

[011] (100) edge dislocations are equivalent, while in the
(111) interface, the three edge dislocations [112] (111), [121]

(111), and [211] (111) are equivalent. Table IV presents the
relationships among the dislocation networks, interphase in-
terface, and edge dislocation.

The above simulation results reveal that the distribution
and characters of the dislocations are determined by the ori-
entation and the mismatch parameter 6 of y/7y’ phase inter-
face. So it can be concluded that the formation of the dislo-
cation networks will sensitively affect the deformation
behavior, which is closely related to the mechanical proper-
ties of the materials.

IV. SUMMARY

By constructing the different models of interphase inter-
face, we find that the misfit dislocation networks will be
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formed on the misfit interface after relaxation. Moreover,
different shapes of network appear on the corresponding in-
terphase interface, square on the {100} interphase interface,
rectangle on the {110} interphase interface, and equilateral
triangle on the {111} interphase interface. The interphase in-
terface energy of {100}, {110}, and {111} plane is 271 mJ/m?,
240 mJ/m?, and 32 mJ/m?, respectively. The side length of
network is 166.8 A for the square, 166.8 A and 235.8 A for
the rectangle, and 166.8 A for the equilateral triangle. Three
different dislocation networks correspond to four edge dislo-

cations with indices of (011) {100}, (110) {110}, (001) {110},
and (112) {111}, where the slip plane is along the interphase
interface. The simulation results indicate that the densest dis-
locations appear on the {111} interphase interface. From the
calculated interface energy and the surface energy we can
predict that (111) is the most favorable direction for the pre-
cipitation of y’ phase to grow.

The dislocation networks determined by the orientation
and the mismatch & of /7' phase interface is correlated
with the mechanical properties. It means that the type of the
interface and the parameter of /7y’ phase are intrinsic in
determining the structural and mechanical properties. Based
on the geometric models and the relevant energetic calcula-
tions, we present the basic characteristic structure and the
energetic states of the y and y’ phase interface, which can be
used to analyze the mechanical properties of the Ni-based
single-crystal superalloys for the aircraft applications in the
future.
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