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Molecular dynamics has been widely used to study the fundamental mechanism of Ni-based superalloys. However, the
effect of the potential function and strain rate on mechanical behavior has rarely been mentioned in the previous molecular
dynamics studies. In the present work, we show that the potential function of molecular dynamics can dramatically influence
the simulation results of single crystal Ni-based superalloys. The microstructure and mechanical behavior of single crystal
Ni-based superalloys under four commonly used potential functions are systematically compared. A most suitable potential
function for the mechanical deformation is critically selected, and based on it, the role of strain rate on the mechanical
deformation is investigated.
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1. Introduction

2. Simulation method

Molecular dynamics (MD), as a means of explaining mechanism, has been used in the study of various materials. [1–7] For single crystal nickel-based superalloys, which are widely used as aero-engine hot-end
components, [8–11] their microstructures mainly consist of
matrix phase (or Ni phase) and precipitation phase (or
Ni3 Al phase). A large number of researchers have used
the MD method to study dislocation behaviors in Nibased alloys. [12–20] Amodeo et al. [21] studied the deformation behavior of Ni3 Al under uniaxial compression and
some researchers [22,23] studied the nanoindentation of nickelcontaining structures. How to further study the mechanical
properties of single crystal nickel-based superalloys by MD
method was reviewed and prospected by Wu et al. [24] However, most of these simulation studies directly chose the potential functions, and there was no systematic comparison to
indicate which is more reasonable. The effect of the strain rate
on compression performance was also rarely studied. In this
paper, several common potential functions will be selected to
observe the different structural evolution and the compression
process of different strain rates will be simulated under the
most suitable potential function selected.

In this study, we performed the molecular dynamics simulation by using the LAMMPS software. [25] The dump files
generated from LAMMPS were post-processed via the software of OVITO. [26] The atomic structure was analyzed by calculating the value of the centrosymmetry parameter. [27] The
dislocations were identified by the dislocation extraction algorithm in the OVITO. During the compression simulation
of Ni3 Al, a 10.0044 nm × 10.0044 nm × 10.0044 nm cubic model with a total of 87808 atoms was established and the
periodic boundary condition was used. The lattice constant of
Ni3 Al is 0.3573 nm. The NPT ensemble was used for equilibration, and the NVT ensemble was used for compression.
The temperature of the whole simulation process was 300 K.

3. Results and discussion
3.1. The effect of potential function on mechanical deformation
We compare the microstructures and mechanical properties of the Ni3 Al under four commonly used potential functions, which include the Ni-Al-02, Ni-Al-09, Ni-Al-H, and
Ni-Al-Re. The Ni-Al-02 potential [28] is generated by the fitting experimental data of B2-NiAl, L12-Ni3 Al, pure Ni, and
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pure Al at different temperatures. The fitting data include equilibrium lattice parameter a0 , cohesive energy E0 , elastic constant, linear thermal expansion coefficient, and so on. The NiAl-09 potential, [29] based on functions for pure Ni and pure
Al, is produced by fitting the experimental values of elastic
constants, formation energy, and lattice parameter of NiAl.
It can be used for simulations that do not involve the formation of structural vacancies, otherwise, the Ni-Al-02 potential
would be a better choice. For the Ni-Al-H potential, [30] the
interactions between atoms are determined by fitting properties such as vacancy formation energy, elastic constants, stacking fault energy for Ni–Ni, and partial molar volume, solution
energy, migration energy for Ni–H. Several dislocations and
grain boundaries in nickel were studied, and the interaction
between hydrogen and various lattice defects in nickel was
studied. This potential will soon be used to study the interaction between dislocations and precipitates in nickel. For the
Ni-Al-Re potential, [31] monoatomic potentials are fitted to experimental properties and the pair potential is fitted to Ni3 Al
properties and first-principles calculation results. It is accurately fitted to the basic lattice properties of pure Ni, Al, Re
and Ni3 Al. The point defects, plane defects, and lattice misfit
of γ and γ ′ are studied.
The MD simulation results of Ni3 Al structure with different potential functions during compression are shown in Fig. 1,
where the green, blue, and red atoms represent the FCC, BCC,
and HCP structures, respectively. The initial conditions of the
four simulations are all the FCC Ni3 Al. When the potential
is Ni-Al-02 (see Fig. 1(a)), the HCP atomic layers appear on
the {111} planes, which act as stacking faults in the original
FCC structure. Simultaneously, the BCC atoms concentrate at
the junctions of two HCP layers (see Fig. 1(a) at ε = 0.175).
As the deformation goes on, the atomic layers of HCP expand
continuously, and the atoms of FCC and BCC reduce. In the
end, most of the atoms are transformed into HCP structure (see
Fig. 1(a) at ε = 0.25). When using the Ni-Al-09 potential (see
Fig. 1(b)) to compress, the BCC atoms first appear in the FCC
structure, then gradually become dominant, and the remaining FCC atoms are mainly concentrated on the {110} planes
as stacking faults of the new BCC structure (see Fig. 1(b) at
ε = 0.175). After that, the FCC atoms gradually disappear
and all of them are transformed into BCC atoms (see Fig. 1(b)
at ε = 0.25). When the Ni-Al-H potential function is used to
simulate the compression (see Fig. 1(c)), the final microstructure is similar to that of Ni-Al-09. However, the intermediate
microstructures of Ni-Al-H and Ni-Al-09 are distinct: The remaining FCC atoms of Ni-Al-H distribute randomly in the new
BCC structure. When the Ni-Al-Re potential is used to simu-

late the Ni3 Al compression (see Fig. 1(d)), the microstructure
evolution is similar to that of Ni-Al-02, except that the final
microstructure of Ni-Al-Re is BCC instead of HCP. Twins are
formed during the deformation. Only in the case of the Ni-Al02 potential, the structure eventually transforms to the HCP
dense structure, which is also the reason that assumed Ni-Al02 is more suitable for compression.
The stress–strain curves under four potential functions are
different, as shown in Fig. 2(a). The stress–strain curve of
Ni-Al-02 first increases linearly then decreases in a zigzag
form after ε = 0.15 and increases linearly again after ε =
0.23. By revisiting the microstructure evolution of Ni-Al-02
in Fig. 1(a), we can understand that the first linear increment
of the stress–strain curve is due to the elastic deformation of
FCC Ni3 Al, the following decrement is because of the formation of HCP stacking faults, and the final increment implies
the elastic deformation of the well-formed HCP Ni3 Al. The
shapes of the stress–strain curves of Ni-Al-09 and Ni-Al-Re
are similar to that of Ni-Al-02. However, the stresses of NiAl-09 and Ni-Al-Re vanish at the end of the decrement stages,
which are unreasonable. The shape of the stress–strain curve
of Ni-Al-H is different from the rest three. An obvious difference is that instead of increasing linearly, the stress of Ni-Al-H
decreases linearly in the final stage, which seems to contradict its microstructure evolution. Hence, it is reasonable to
deduce that the Ni-Al-02 is the most suitable potential function for the mechanical deformation of single crystal Ni-based
superalloys. It would be interesting to further investigate the
mechanical features under the Ni-Al-02 potential function and
understand more mechanisms. The evolution of crystal structure is shown in Fig. 2(b), which provides the quantitative fraction alteration of Fig. 1(a). Before ε = 0.2, the FCC dominates
and the HCP acts as stacking faults. As stacking faults are constantly accomplished by partial dislocations as the edges of the
stacking faults, the 61 ⟨112⟩ Shockley partial dislocations are
present as the only dislocation mechanism (see Fig. 2(c)). After ε = 0.2, the HCP dominates and the FCC acts as stacking
faults with mainly 31 ⟨001⟩ Hirth partial dislocations. Before
the strain reaches 0.225, the dislocation is mainly Hirth dislocation, located at the edge of the faults. When the strain
reaches 0.225, the dislocations disappear, because at this time
the structure has changed into a dense HCP structure basically
without stacking fault. Although the dislocation disappears,
the structure becomes denser, and the atomic stress accumulates as the deformation increases. In the region with obvious
stress fluctuations, the corresponding dislocation density is not
zero, which indicates the stacking faults expansion and structural transformation.
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Fig. 1. The evolution of Ni3 Al structure under different potential functions during compression: (a) Ni-Al-02, (b) Ni-Al-09, (c) Ni-Al-H, (d)
Ni-Al-Re. The green, blue, and red atoms are in the FCC, BCC, and HCP structures, respectively.
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Fig. 2. (a) Stress–strain curves under four potential functions. (b) Evolution of crystal structure of the Ni-Al-02. (c) Evolution of dislocation
density of the Ni-Al-02.

3.2. Compress simulation of Ni3 Al under different strain
rates
At different strain rates during Ni3 Al compression, the
structural changes are similar to those in Fig. 1(a), and the
stress–strain curves and dislocation density are shown in
Fig. 3. In the compression process of all strain rates, it is always FCC structure before the strain reaching 0.1. When the
strain is between 0.1 and 0.145, BCC atoms are presented in
the face-centered cubic structure and increase with the strain
gradually, and no dislocations appear in this progress. When
the strain reaches about 0.15, the HCP structure which belongs

to the stacking fault area appears in the FCC structure, mainly
located in the {111} plane. At 5 × 107 s−1 , 1 × 108 s−1 , and
5 × 108 s−1 strain rates, stacking fault planes are mainly (111)
and (1̄11̄), and at 1 × 109 s−1 are (1̄11̄) and (11̄1̄). As the compression continues, the stacking fault expands continuously,
and when the strain reaches 0.25, most of the atoms are converted to HCP structures. The model is in the elastic stage during the early compression process with the perfect FCC structure, so the dislocation density is zero. As the compression
progresses, the FCC structure gradually transforms into BCC
and HCP structures and begins to enter plastic deformation,
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structure transforms, resulting in the fluctuation of the dislocation density. Since the dislocation is mainly located at the edge
of the stacking fault, when the structure is completely transformed from FCC to BCC or HCP, the fault disappears and the
dislocation decreases to zero. Due to the different strain rates,
the time of dislocation nucleation is different. The above explained the dislocation density evolution as shown in Figs. 2(c)
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Fig. 3. (a) The stress–strain curves at different strain rates during compression of Ni3 Al and dislocation density at (b) 5 × 107 s−1 ; (c)
5 × 108 s−1 ; (d) 1 × 109 s−1

4. Conclusion
By molecular dynamics, the present work systematically
compared the microstructures and mechanical properties of
single crystal Ni-based superalloys under four commonly used
potential functions (i.e., Ni-Al-02, Ni-Al-09, Ni-Al-H, Ni-AlRe) and four different strain rates (i.e., 5×107 s−1 , 1×108 s−1 ,
5×108 s−1 , 1×109 s−1 ). The main findings can be concluded
as follows.
(i) Different potential functions result in different microstructure features and mechanical properties. Among the
four potential functions, the Ni-Al-02 brings the most reasonable results and should be used for mechanical MD simulations in the future.
(ii) During compressive deformation of the Ni-Al-02, the
microstructure is dominated by FCC structure with HCP stacking faults and Shockley partial dislocations before strain up to
0.2 and then gradually switches to HCP dominated with BCC
stacking faults and the Hirth partial dislocations.
(iii) The influence of the strain rate on the elastic deforma-

tion behavior and crystal structure evolution is trivial, whereas
higher strain rate leads to earlier and more formation of partial
dislocations.
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