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Understanding the intrinsic strengthening mechanism is of great significance for microstructural design
of Ni-based single crystal superalloys. In this paper, from an atomistic perspective, the interacting mech-
anism between edge dislocation dipole pair and interfacial misfit dislocation network has been elabo-
rated. It is shown that a network of interfacial misfit dislocations can effectively impede the
movement of matrix dislocations, accommodate and pile up the edge dislocation dipole pairs in Ni
matrix. Furthermore, we have systematically elucidated the influence of loading rates on the stimulating
period of edge dislocation dipole pairs and stiffness of Ni/Ni3Al substrate. These findings provide a better
understanding of the interfacial strengthening mechanism of Ni-based single crystal superalloys.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Ni-based single crystal superalloys have been widely used in
aerospace industries such as for turbine blades and vanes in air-
craft engines due to their excellent mechanical performance at
high temperatures (Maaß et al., 2012; Yang and Hu, 2014; Jozwik
et al., 2015; Khoei et al., 2021). These alloys mainly consist of Ni
matrix with face-centered cubic (FCC) structure and dispersion
precipitates of Ni3Al with L12 structure. Because of non-identical
lattice parameters of Ni and Ni3Al, a stress field results from the
lattice mismatch. Obviously, an interface under such a stress field
is energetically unstable. Based on the minimum energy principle,
atoms on interface rearrange to minimize the stress field between
Ni and Ni3Al phases. Thus, interfacial misfit dislocations (IMDs) are
created on interface (Zhu and Yang, 2005; Devincre et al., 2001),
which are edge in character and have a burgers vector in the plane
of interface. Generally, IMDs that widely exist and form dislocation
networks in single crystal superalloys play a crucial role in deter-
mining the mechanical properties of Ni-based superalloys. They
can absorb and accommodate slip dislocations in Ni matrix, and
further impede dislocations in matrix from approaching or cutting
themselves (Zhang et al., 2005; Arora et al., 2017; Hussein et al.,
2017).

Over the past decades, numerous experiments and computa-
tional simulations have been carried out to focus on the structure
and evolution of IMD network in Ni-based single crystal superal-
loys (Lasalmonie and Strudel, 1975; Tian et al., 2000; Zhang
et al., 2003, 2004). These studies indicate that yield and creep
strengths of Ni-based single crystal superalloys are dependent on
the Ni3Al precipitates and evolution of IMDs at Ni/Ni3Al interface
under various temperatures and loading conditions. Zhang et al.
(2004) confirmed that matrix dislocations are prevented from
entering and shearing Ni3Al precipitates due to the strong inhibi-
tion effect by IMD networks. Huang et al. (2018) also found that
misfit dislocations can effectively hinder rafting of Ni3Al precipi-
tate and act as barriers to dislocation motion. Therefore, the
impediment effect of IMD networks is one of the most important
creep strengthening mechanisms of Ni-based single crystal super-
alloys. Moreover, the structure of a network of Ni/Ni3Al IMD is
dependent on the crystal orientation. On {100}, {110} and {111}
planes, patterns of IMD networks are square, rectangle and equilat-
eral triangle, respectively (Xie et al., 2009; Yashiro et al., 2002).
Meanwhile, effects of temperature, strain rate, phase interface ori-
entation, and multiaxial stress state on the IMD network evolution
have been explored (Wu et al., 2011, 2012a, 2012b; Li et al., 2016).
Besides, three-dimensional cubic mosaic models of Ni-based single
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crystal superalloys were also constructed to observe the network
evolution of IMD and to determine their mechanical properties
(Tao andWang, 2006; Chen et al., 2020). Nevertheless, a few works
have been done to ascertain the relationship between the
microstructural evolution and mechanical properties of Ni-based
single crystal superalloys (Yu et al., 2015; Li et al., 2018).

In order to explore the influence of IMD network on mechanical
properties, the most important issue is to elaborate its interaction
with matrix dislocations. However, matrix dislocations are extre-
mely complicated in the process of plastic deformation, and it is
difficult to elucidate the interaction between them. Therefore, var-
ious simplified models were used to explore such an interaction.
For example, Zhu et al. (2013) explored the interaction mechanism
between a single edge dislocation and the Ni/Ni3Al{100} IMD net-
work, in which interactive modes, but without {110} and {111}
IMD networks, were considered. In addition, effects of size and
position of voids on the mechanical properties of Ni-based single
crystal superalloys have been studied by prefabricating voids at
Ni/Ni3Al interface (Liu et al., 2020; Wang et al., 2019; Shang
et al., 2018). However, the interaction between dislocations and
IMDs was not interpreted due to a dominating role of voids in plas-
tic deformation. Therefore, to the best of our knowledge, there is
still no model to systematically investigate the interaction
between complex dislocations and Ni/Ni3Al IMD networks. The
edge dislocation dipole (EDD) as a special structure of complex dis-
locations, widely exists in plastic deformation of metallic materi-
als. Through simulated nanoindentation, a perfect EDD structure
can be constructed in metallic composites (Shuang and Aifantis,
2021). The loading rate in indentation simulation has a significant
impact on the mechanical properties of materials (Hána et al.,
2020; Lee et al., 2016; Zhang and Zhao, 2013), but its influence
on the stimulating period of EDD pairs and stiffness of Ni/Ni3Al
substrate has never been touched.

In this paper, a molecular dynamic method is used to investi-
gate the interaction between EDD pair and (110) IMD network in
Ni-based single crystal superalloys. The microstructural evolution
of EDD pairs and IMD network, indentation force for generation
of EDD pairs and interfacial potential energy at Ni/Ni3Al interface
are discussed and analyzed in details. Moreover, effects of loading
rates on the stimulating period of EDD pairs and stiffness of
Ni/Ni3Al substrate are also studied.
2. Simulation model and methods

2.1. IMD network of Ni/Ni3Al heterogeneous interface

As illustrated in Fig. 1a, a heterogeneous interfacial model of Ni/
Ni3Al is constructed for Ni-based single crystal superalloys, which
only consists of pure Ni matrix and Ni3Al precipitate without con-
sidering alloying elements such as Ta, Re and Co. As shown in
Fig. 1a, three orthogonal coordinates are aligned along with the
[11�2], [111] and [�110] lattice directions, respectively. To monitor
variation of the interfacial potential energy, a thickness
of ~ 1.0 nm on both sides of Ni/Ni3Al interface was surveyed and
defined as the ‘‘interfacial zone”. As is known, lattice misfit corre-
sponds to deformation of an invariant lattice. The mismatch d is
defined as the normalized difference of a lattice parameter
between Ni and Ni3Al phases, that is

d ¼ 2
ac0 � ac
ac0 þ ac

; ð1Þ

where ac is 3.52 Å for Ni and ac0 is 3.573 Å for Ni3Al (Kayser and
Stassis, 1981; Voter and Chen, 1986). For the Ni/Ni3Al system, d is
1.5%. As mismatch exceeds the limit of elasticity, IMD can be
2

formed on interphase interface to reduce distorted energy of the
system (Zhu and Wang, 2005). Considering the concept of a coinci-
dence site lattice on misfit interphase interface, such a relationship
can be written as

nac0 ¼ ðnþ 1Þac; ð2Þ
where n is the n-fold of lattice parameter, which is represented

as

n ¼ ac
ac0 � ac

: ð3Þ

It indicates that within the range of misfit interphase interface,
there are at least 66 Ni3Al lattices and 67 Ni lattices to relax stress
induced by the difference of lattice parameters. Therefore, accord-
ing to misfit parameters, the Ni/Ni3Al model containing a semi-
coherent Ni/Ni3Al interface can be constructed, with a volume of
28.9 � 40.8 � 35.0 nm3 consisting of ~ 3.7 million atoms.

After energy minimization, to accommodate the misfit strain
due to lattice difference between the two phases, a regular quadri-
lateral IMD network was formed on the (110) interface of Ni/Ni3Al
as shown in Fig. 1b. The IMD network consists of three 1/2[011]
perfect dislocations and two 1/3[100] Hirth dislocations at inter-
face, and two 1/6[211] and two 1/6[211] Shockley dislocations
with four segments of stacking faults in Ni matrix. Inset in
Fig. 1b shows the bottom view of (110) interface of Ni/Ni3Al. The
distance component along the [111] direction is 14.0 nm between
intersection of two 1/3[100] Hirth dislocations and a 1/2[011] per-
fect dislocation. This is matched by the lateral size of a virtual flat
indenter in the indentation model to ensure meeting between EDD
pairs and IMD network. In the IMD network of Ni/Ni3Al, only those
dislocations with burgers vectors of h100i Hirth at interface
and h112i Shockley in Ni matrix have dislocation reaction and
motion. The 1/2[011] perfect dislocation, however, has less change
during relaxation.

2.2. Molecular dynamics simulations

Nanoindentation of Ni/Ni3Al heterogeneous interfacial models
was simulated to investigate generation of EDD pairs and their
interaction with IMD network. Fig. 1a shows an initial configura-
tion of Ni/Ni3Al for indentation simulation. A virtual flat indenter
was used with a size of 14.0 � 28.9 nm2. It only stimulates disloca-
tions along h112i/{111} slip system due to uniform stress distri-
bution under it. This differs by that with a spherical indenter
under which stress distribution is rather nonuniform and various
slip systems are activated (Zhang et al., 2021a). To avoid transla-
tion in the ½110] direction, all samples were restrained by applying
a body force distributed uniformly to bottom atoms with a thick-
ness of 1.0 nm. The body force is opposite and equal to that
imposed by the indenter. Moreover, the periodic boundary condi-
tions were implemented in [112] and [111] directions, while the
½110] direction is kept free. Since the setting of indention simula-
tion continuously generates pure EDD pairs, we can concentrate
on their interaction with the IMD network. It also provides the
stiffness of Ni/Ni3Al substrate by fitting its slope at each elastic
stage and the stimulating period of EDD pairs between its two
neighboring local minimums from the load-depth curve. In partic-
ular, these mechanical properties can be analytically expressed.

Atomistic simulations were performed by using the Largescale
Atomic/Molecular Massively Parallel Simulator (Plimpton, 1995).
The embedded-atom potential function for a Ni � Al system devel-
oped by Mishin (2004) was taken to define atomic interactions of
Ni and Ni3Al. In such a function, the total energy,U, of a system
can be described as



Fig. 1. (a) Sketch of a nanoindentation model for heterogeneous interface of Ni/Ni3Al to generate EDD pairs, with inset indicating a partially enlarged structure, the plane
marked with red line in inset of (a) representing semi-coherent (�110) interface of Ni/Ni3Al. (b) The (�110) IMD network of Ni/Ni3Al, where atoms are colored by dislocation
analysis with white and red representing surface atoms and stacking faults, and green, blue and yellow lines indicating 1/6h112i Shockley, 1/2h110i perfect and 1/
3h100i Hirth dislocations, respectively. Inset in (b) shows a bottom view of the IMD network structure. FCC structures were removed for clarity. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Typical indentation force- and interfacial potential energy-indentation
depth curves of Ni/Ni3Al substrate. Points A � C mark three successively generating
events of EDD pairs.
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U ¼
X
i; j

i–j

uEAMðrijÞ þ
X
i

Fð �qiÞ;
ð4Þ

where uEAMðrijÞ is a pair interaction energy represented as a func-
tion of the distance rij between atoms i and j, and F is the embedding
energy of atom i, and �qi is the function of electron density, which is
given by

�qi ¼
X
i–j

f jðrijÞ; ð5Þ

where f jðrijÞ is the electron density of atom j.
Simulations were carried out by integrating Newton’s equations

of motion for all atoms with a time step of 2 fs. At the start of sim-
ulations, initial configurations were energetically minimized by
relaxing all samples for 50 ps. Temperature was controlled at 1 K
during simulations to avoid thermal effects. Indentation loading
rates were 1, 5 and 10 m s�1 and the maximum indentation depth
was 2 nm. Deformation and defects of Ni/Ni3Al were recognized via
the common neighbor and dislocation analysis and then, they were
visualized with software OVITO (Stukowski, 2010).

3. Results

3.1. Nucleation of EDD pairs during indentation

Outwardly, the indentation force-indentation depth curve of Ni/
Ni3Al substrate with a loading rate of 5 m s�1 can be divided into
four stages via monitoring the indentation force, interfacial poten-
tial energy and dislocation activities (see Fig. 2). To maintain the
integrity of Ni/Ni3Al IMD network, the virtual flat indenter is
embedded in Ni matrix during the initial indentation stage with

a depth of 2.5 Å, i.e.,
ffiffi
2

p
ac
2 . This leads to a nonzero, but false, initial

indentation force in stage I. In stage II, the indentation force-
depth curve of Ni/Ni3Al first undergoes an upward trend until
indentation depth reaching to 0.27 nm (point A in Fig. 2) at which
an EDD pair is nucleated (see Fig. 4a). Each EDD is composed of two
1/6h112i Shockley dislocations and a slice of stacking fault
3

between them. Formation of an EDD pair follows two steps. First,
under indentation, two 1/6h112i Shockley dislocations are gener-
ated along the {111} slip plane with two stacking faults behind
them adhering to the lower surface of Ni matrix. Then, with the
increase of indentation depth, the other two 1/6h112i Shockley
dislocations nucleate to terminate the two stacking faults and
the first EDD pair is formed (Its structure is shown in Fig. 3). The
spacing between two components of an EDD pair is 14 nm, result-
ing from the lateral dimension of the virtual flat indenter.

As indentation depth increases to 0.51 nm, the second EDD pair
separates from surface of Ni matrix and indentation force drops to
its local minimum (point B in Fig. 2). Fig. 4b shows the structure of
two EDD pairs and IMD network. At that moment, the first EDD
pair moves toward IMD network with its structure keeping
unchanged. After that, with the increase of indentation depth,
the indentation force grows again to its local maximum where
the third EDD pair begins to nucleate. Separation of the third
EDD pairs from surface witnesses a drop of indentation force to
its local minimum once more at an indentation depth of 0.75 nm



Fig. 3. Microstructure of the first EDD pair and (110) IMD network, where atoms
are colored by common neighbor and dislocation analysis. FCC and surface atoms
are omitted for clarity.

Z. Zhang, Q. Fu, J. Wang et al. International Journal of Solids and Structures 228 (2021) 111128
(marked as C in Fig. 2). Then, three EDD pairs move downwardly in
coordination (see Fig. 4c). As the first EDD pair is close to IMD net-
work, the latter undergoes partial structural change due to a repul-
sive force between them. The original 1/6h112i Shockley
dislocations belonging to IMD network expand along h112i/
(111) slip system in the Ni matrix, accompanied by deformation
of partial stacking faults. Meanwhile, part of each 1/3[100] Hirth
dislocation of the IMD network decomposes to 1/6h112i Shockley
dislocations at interface and gradually expands in Ni3Al precipitate
(see the amplified region in Fig. 4c). The reaction can be expressed
as 1/3[100] ? 1/6[112] + 1/6[112]. The interface potential energy
shows a monotonic upward trend in entire stage II as EDD pairs
gradually approach IMD network.
3.2. Interaction between EDD pair and IMD network

To understand the interaction between EDD pair and IMD net-
work, dislocation reaction and motion as well as interfacial defor-
mation were analyzed. As the indentation depth reaches 0.75 nm
(see Fig. 4c), the first EDD pair approaches IMD network, so that
the interfacial network plane is subjected to a repulsive force to
undergo a slight structural change. In stage III of Fig. 2, at an inden-
tation depth of 0.90 nm, the first EDD pair contacts and reacts with
IMD network. At the same time, the second and third EDD pairs
also move downward (see Fig. 5a). Because the first EDD pair
Fig. 4. Atomic configurations at various indentation depths of (a) 0.27, (b) 0.51 and (c) 0.
green, blue and yellow lines indicating 1/6h112i Shockley, 1/2h110i perfect, and 1/3h100
colored by dislocation analysis. (For interpretation of the references to colour in this fig
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adheres to the IMD network plane, resulting in dislocations
belonging to the latter to decompose and redistribute on both sides
of interface. This process embodies an obvious turning point on the
interfacial potential energy-depth curve (see Fig. 2). The IMD net-
work reacts with the first EDD pair to produce the dislocation pin-
ning lock, which blocks its continuous movement. As indentation
depth continues to increase, the first EDD pair is completely
embedded in IMD network, generating more dislocation pinning
points. Meanwhile, more EDD pairs generated from indentation
surface continuously move downward and accumulate on IMD
network to pile up above Ni/Ni3Al interface. Below Ni/Ni3Al inter-
face, several 1/6h112i Shockley dislocations decomposed from
IMD network gradually begin to expand in Ni3Al precipitate (see
Fig. 5b and c). With indentation depth further increasing, the first
EDD pair cuts in IMD network, and basically maintains its original
structure. This causes a large number of 1/6h112i Shockley dislo-
cations attaching to the first EDD pair, contacting and interacting
with each other to form several dislocation pinnings to impede
motion of EDD pairs (see Fig. 5d and e). However, there are still
some 1/6h112i Shockley dislocations from decomposition of IMD
network that spread inside Ni3Al precipitate (see Fig. 5f).

As indentation depth continues to increase, more EDD pairs
generated from indentation surface continuously move downward,
and two EDD pairs pass through IMD network (see Fig. 6a), corre-
sponding to indentation force reaching to its peak value (see Fig. 2).
Subsequently, the indentation force-indentation depth curve
shows a downward trend with indentation depth further increases.
The interface potential energy-indentation depth curve also
reaches its peak value as indentation depth arrives to1.80 nm. After
that, newly generated EDD pairs have piled up and merged below
indentation surface, and finally collapsed by themselves (see
Fig. 6b). Here, it is worth noting that three 1/2[011] perfect dislo-
cations in IMD network do not move any more. They maintain
the dislocation pinning state during whole indentation processes.
The detailed dislocations dynamic evolution process with a loading
rate of 5 m s�1 can be found in Video S1.
3.3. Influence of loading rates

Indentation force-indentation depth curves are shown in Fig. 7a
to illustrate the effect of loading rates on generation of EDD pairs
and their interaction with IMD network. As shown in Fig. 7a, the
stimulating period of EDD pairs decreases from 157.5 to 26 ps as
the loading rate increases from 1 to 10 m s�1 (see Table 1). Mean-
while, the number of EDD pairs generated decreases with the
increase of loading rate at the same indentation depth. However,
the average stiffness of Ni/Ni3Al substrate is positively related to
75 nm, where atoms are colored by common neighbor and dislocation analysis, with
i Hirth dislocations, respectively. Inset in (c) indicates a partially enlarged structure
ure legend, the reader is referred to the web version of this article.)



Fig. 5. Evolution of dislocations and structure for interaction between an EDD pair and IMD network with various indentation depths of (a) 0.90, (b) 0.96, (c) 1.02, (d) 1.08, (e)
1.20 and (f) 1.29 nm. Inset in (a) indicates a partially enlarged structure colored by dislocation analysis.

Fig. 6. Dislocation patterns of EDD pairs and Ni/Ni3Al IMD network at various indentation depths of (a) 1.62 and (b) 1.80 nm, where atoms are colored by dislocation analysis,
with green, blue, purple, yellow and red lines representing 1/6h112i Shockley, 1/2h110i perfect, 1/6h110i stair-rod, 1/3h100i Hirth, and other kinds of dislocations,
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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loading rate. Here, an average stiffness is obtained from an inden-
tation force-depth curve by measuring slopes of every episode in
which an EDD pair is generated. Corresponding values of average
stiffness of Ni/Ni3Al substrate are 7169.0, 8498.6 and
10703.3 N m�1 for loading rates of 1, 5 and 10 m s�1, respectively.
The interfacial potential energy-indentation depth curves reflect
the interaction between EDD pairs and IMD network (See
Fig. 7b). It is seen that, with the loading rate of 1 m s�1, the amount
of EDD pairs generated is more than that under the other two load-
ing rates. Each turning point of interfacial potential energy-
indentation depth curves represents the interaction between an
5

EDD pair and the IMD network, which results in the interface
potential energy with an increase trend in local regions. However,
as the loading rate reaches 10 m s�1, only four integral EDD pairs
are generated within the indentation depth of 2 nm. Before further
generating events, three of them have piled up and collapsed by
themselves below the surface of Ni matrix. Therefore, the corre-
sponding interfacial potential energy-indentation depth curve just
has one turning point in the rising phase, representing only once
interaction between the first EDD pair and IMD network.

Fig. 8 shows the microstructural evolution of IMD network and
EDD pairs during interacting processes with various loading rates.



Table 1
Indentation stiffness of Ni/Ni3Al substrate and the stimulating period of EDD pairs
under different loading rates, where values in brackets are the theoretical predictions
by Eq. (7).

Loading rate
v I(m s�1)

Stiffness of the Ni/Ni3Al
substrate k (N m�1)

Stimulated period of EDD
pairs s(ps)

1 7169.0 157.5 [144.7]
5 8498.6 46.8 [26.6]
10 10703.3 26.0 [11.8]

Fig. 7. (a) Indentation force-indentation depth curves and (b) interfacial potential energy-indentation depth of Ni/Ni3Al substrate with various loading rates.
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It is seen that at a loading rate of 1 m s�1, their interaction can
easily cause dislocation decomposition of the former, and expan-
sion of several 1/6h112i Shockley dislocations in Ni3Al precipitate
(see Fig. 8a). As the loading rate reaches 5 m s�1, dislocations and
stacking faults are mainly concentrated in the region around inter-
face, slightly extending into Ni3Al precipitate (see Fig. 8b). How-
ever, as loading rate raises to 10 m s�1, only the first EDD pair
contacts with IMD network, with subsequent generated three
EDD pairs piling up, merging and collapsing by themselves within
Ni matrix (see Fig. 8c). The whole dynamic evolution process of
interaction between EDD pairs and IMD network with loading
rates of 1 and 10 m s�1 can be found in Videos S2 and S3,
respectively.
Fig. 8. Microstructural evolution of Ni/Ni3Al IMD network and EDD pairs during the inte
and (c) 10 m s�1.

6

4. Discussion

4.1. Interaction between EDD pair and IMD network

As mentioned above, successively emitted EDD pairs are consid-
ered to model the interaction between them and IMD network of
Ni-based single crystal superalloys with various loading rates. It
is shown that the IMD network can effectively impede, accommo-
date and pile up EDD pairs in Ni matrix, which has a positive effect
on the mechanical properties of superalloys. The results are consis-
tent with previous works depicting motion and expansion of
matrix dislocations during a high temperature creep process of
Ni-based single crystal superalloys (Chen et al., 2020; Yu et al.,
2015; Li et al., 2018; Zhu et al., 2013; Xia et al., 2020). The interac-
tion between EDD pairs and IMD network leads to generation of
dislocation pinning locks in interfacial network. It also results in
decomposition of dislocations belonging to IMD network and this
induces excitation and propagation of new 1/6h112i Shockley dis-
locations in Ni3Al precipitate. Moreover, EDD pairs piling up, merg-
ing and collapsing by themselves above Ni/Ni3Al interface directly
reflect that IMD network has a good ability to block motion of dis-
locations and absorb matrix dislocations. This ability is helpful to
improve the mechanical properties of Ni-based single crystal
superalloys, and also echoes the finding that heterogeneous inter-
racting process at an indentation depth of 1.35 nm with loading rates of (a) 1, (b) 5
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face can effectively improve strength and ductility of nanostruc-
tured materials (Zhang et al., 2021a, 2021b; Sathiyamoorthi and
Kim, 2020).
4.2. Theoretical model of loading rates

At a given temperature, a dislocation has a certain speed. Since
the virtual flat indenter moves uniformly and only h112i/{111}
slip system is activated, EDD pairs are, therefore, periodically gen-
erated with the same spacing. It is also shown that the generating
period of EDD pairs is significantly depends on the loading rates. At
a lower loading rate, the stimulating period of EDD pair is rela-
tively longer, while the stiffness of Ni/Ni3Al substrate is relatively
smaller. At a higher loading rate, they are just opposite. To explain
loading rate effects on the stimulating period of EDD pairs and
stiffness of Ni/Ni3Al substrate, a theoretical model of loading rate
effects was constructed by energy analysis. The formation energy
of an EDD pair can be divided into two parts. One is the formation
energy of four 1/6h112i Shockley dislocations, NDn, where
N = 1850 is the number of atoms contained in four Shockley dislo-
cation lines, which can be directly counted from a simulating con-
figuration. Dn is the activation energy of 1/6h112i Shockley
dislocation, and its value ranges from 0.2 to 0.3 eV
(Parthasarathy and Dimiduk, 1996). Here, we adopt Dn = 0.25 eV.
The other is the formation energy of two stacking faults, 2bLxl,
between two 1/6h112i Shockley dislocation lines, where b is the
magnitude of burgers vector of 1/6h112i Shockley in Ni matrix,
l= 125 mJ m�2 represents stacking fault energy of Ni (Angelo
et al., 1995), and Lx = 28.9 nm indicates the size of Ni/Ni3Al sub-
strate in the [112]-direction. Let us assume that a stimulating per-
iod of EDD pairs is s and the indenter loading rate is v I. Thus, in the
stimulating period, the indenter moves a distance of v Is. Given that
the stiffness of substrate is k, external work has to satisfy the for-
mation energy of an EDD pair, that is

1
2
kðv IsÞ2 ¼ NDnþ 2bLxl; ð6Þ

which indicates that the stiffness of Ni/Ni3Al substrate and stimu-
lating period of EDD pairs are coupled together. Rearranging Eq.
(6), the stimulating period of EDD pairs can be written as

s ¼ 1
v I

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2NDnþ 4bLxl

k

r
: ð7Þ

Then, the stimulating periods of EDD pairs for loading rates of 1,
5 and 10 m s�1 are derived as 144.7, 26.6, and 11.8 ps, respectively
(see Table 1). It is seen that, at a loading rate of 1 m s�1, the theo-
retical prediction value is consistent with simulation. However,
theoretical values are lower than that of simulating results at load-
ing rates of 5 and 10 m s�1. This is due to the inaccuracy of stiffness
measured at higher loading rates because a few EDD pairs can be
generated without collapse by themselves.
5. Conclusions

In summary, by using molecular dynamics nanoindentation
simulations, perfect EDD pairs have firstly been constructed in Ni
matrix, and then, interaction mechanisms have been investigated
between EDD pairs and IMD network in Ni-based single crystal
superalloys. It is shown that, the IMD network has an ability to
impede, accommodate and pile up EDD pairs in Ni matrix. The
higher the loading rate is, the more obvious this ability is. The main
conclusions can be summarized as follows:
7

(1) The interaction between EDD pairs and IMD network leads
to generation of dislocation pinning locks in an interfacial
network. It also results in decomposition of dislocations
belonging to the IMD network, which induces excitation
and propagation of new 1/6h112i Shockley dislocations in
Ni3Al precipitate.

(2) Moreover, EDD pairs piling up, merging and collapsing by
themselves above Ni/Ni3Al interface directly reflect that
the IMD network has a good ability to block motion of dislo-
cations and absorb matrix dislocations.

(3) In contrast to the stiffness of Ni/Ni3Al substrate, the stimu-
lating period of EDD pairs is negatively interrelated with
loading rate. The stimulating period of EDD pairs decreases
from 157.5 to 26 ps as the loading rate increases from 1 to
10 m s�1, its theoretical prediction value is consistent with
the simulation result at a loading rate of 1 m s�1. However,
the theoretical values are lower than that of simulating
results at loading rates of 5 and 10 m s�1 due to the inaccu-
racy of stiffness measured at higher loading rates.

It is expected that these findings could contribute to a deep
understanding of intrinsic strengthening mechanisms and the
microstructural design of Ni-based single crystal superalloys and
other nanostructured materials with heterogeneous interfaces.
6. Data availability

The data that support the findings within this paper are avail-
able from the corresponding authors upon reasonable request.
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