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Interactions between butterfly-like prismatic
dislocation loop pairs and planar defects in Ni3Al†

Zhiwei Zhang, ab Qiang Fu,c Jun Wang, *a Rong Yang,a Pan Xiao,a Fujiu Ked

and Chunsheng Lue

Understanding the interactions between planar defects and complex dislocation structures in a material

is of great significance to simplify its design. In this paper, we show that, from an atomistic perspective,

by using molecular dynamics simulations on nanoindentations, a prismatic dislocation loop in Ni3Al

appears in pairs with a butterfly-like shape. The planar defects in Ni3Al can effectively block the

movement of the prismatic dislocation loop pairs and play a hardening role. Among the impediment

factors, twinning boundaries are the strongest and antiphase boundaries are the weakest. Superlattice

intrinsic and complex stacking faults have basically the same blocking effect. Furthermore, we

systematically elucidate the hardening effects and interaction mechanisms between the prismatic

dislocation loop pairs and planar defects. These findings provide novel insights into the nanostructured

design of materials with excellent mechanical properties.

1. Introduction

As is known, alloying is a strategy for improving the performance
of engineering materials. However, it is more dependent on
resources and not conducive to recycling and re-utilization. In
contrast, adjusting intrinsic defects to achieve the ‘‘plainification’’
of materials can sustainably enhance their properties.1–4

Therefore, defect engineering, one of the key strategies of
material design, has been utilized to develop advanced nano-
structured materials.5–8 Over the past several decades, nano-
scale microstructural design has become an important research
direction to further improve the performance of materials.
Numerous experimental tests and computational simulations
have been carried out in order to reveal the mechanical
properties and deformation mechanisms of nanostructured
materials. It has been shown that twinning boundaries can
simultaneously enhance the strength and ductility of nano-
structured face-centered-cubic (FCC) metallic materials.9–12

Moreover, a stacking fault, another type of planar defect, can

also effectively improve the strength and toughness of nano-
structured hexagonal close-packed metals and other materials.13–15

In addition, grain boundaries have long been proven to be a planar
defect that can regulate the properties of materials.16–18 However,
the interactions between planar defects and dislocations are
extremely complex in nanostructured materials. Thus, previous
research studies were mainly focused on the interactions between
a single edge/screw dislocation line and a twinning boundary or
stacking fault.19–21 The interaction mechanism between complex
dislocations and planar defects remains unclear. To the best of our
knowledge, studies on the interaction mechanisms between planar
defects and complex dislocations are still lacking.

Recently, there has been increasing interest in the prismatic
dislocation loop (PDL), which is fairly a complex dislocation
assemblage. Its formation is believed to be the main mechanism
of void growth in ductile materials and very important for
irradiated materials.22–24 The PDL composed of stacking faults
and a variety of dislocations is movable in a crystalline structure,
which can effectively contribute to its plastic behavior. It has
been shown that PDLs were observed during indentation25,26

and nanoindentation, with their nucleation mechanisms being
well discussed.27,28 However, the interactions between PDLs and
planar defects have never been touched.

Single-crystal Ni3Al, an intermetallic ordered alloy, has been
widely applied in aerospace industries such as turbine blades
and vanes in aircraft engines due to its potential corrosion,
oxidation and creep resistance, high strength and good thermal
properties.29,30 Depending on the complexities of superlattice
microstructures, there are four types of stable inherent planar
defects in Ni3Al, e.g., twinning boundary, superlattice intrinsic
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stacking fault, complex stacking fault and antiphase
boundary.31,32 This makes the deformation mechanism of
Ni3Al more complex than that of ordinary FCC metals.
However, this also provides more microstructures to control
and improve its mechanical properties. Studying the regulation
mechanisms of these four main types of planar defects in Ni3Al
can contribute to a better understanding of the mechanical
properties and microscopic deformation mechanisms of
nanostructured Ni3Al. Therefore, it is of interest to scrutinize
the detailed mechanism of dislocation reactions between
planar defects and PDLs in Ni3Al.

In this paper, twinning boundary, superlattice intrinsic
stacking fault, complex stacking fault and antiphase boundary are
introduced into Ni3Al to investigate whether such configurations
could harden the Ni3Al substrate in comparison with single-crystal
Ni3Al. For simplicity, we present the simulated indentation force
and interfacial potential energy to describe the interaction process
between PDL pairs and planar defects of Ni3Al during indentation.
This paper is organized as follows. In Section 2, the microstructures
of planar defects in Ni3Al and the adopted simulation methods are
discussed. Section 3 is then dedicated to a detailed discussion on
the interaction between PDLs and planar defects. The distinction of
interactions between PDLs and various planar defects, and the
hardening mechanism are discussed in Section 4. Finally, the main
conclusions are given in Section 5.

2. Methods
2.1. Microstructures of planar defects in Ni3Al

Single-crystal Ni3Al displays an L12 crystal structure of an
ordered derivative of FCC, with Al atoms at the cube corners
and Ni atoms at the center of each face (see the inset in Fig. 1a).
For the deformation in Ni3Al, one stable dissociation of a h110i
super-dislocation generates two 1/3h112i Shockley super-partial
dislocations bounded with a superlattice intrinsic stacking
fault. The metastable dissociation of a h110i super-dislocation
brings one 1/2h110i super-partial and two 1/6h112i Shockley
partials bounded with a complex stacking fault. The other

stable dissociation of dislocations is that a h110i super-
dislocation dissociates into two 1/2h110i super-partials bounded
with an antiphase boundary on the (111) and (010) planes,
respectively.31–33

Generally, in the case that atoms are displaced by 1/3h112i
displacement vectors, Al atoms are displaced to the same site
but to a position corresponding to a different layer. Therefore,
the stacking sequence is altered without the creation of any
anti-site, which creates a superlattice intrinsic stacking fault. In
the case that a displacement of 1/6h112i is generated, Al atoms
move to the anti-site and also to a position that corresponds to
a different layer. In this process, a complex stacking fault is
created. Whenever atoms on the (111) planes are displaced by
the 1/2h110i vector in the Ni3Al configuration, Al atoms are
displaced to the anti-site, generating antiphase boundary (111)
defects (hereafter referred to as the antiphase boundary).
Specifically, Ni3Al models with planar defects of superlattice
intrinsic stacking faults, complex stacking faults and antiphase
boundaries are formed by shearing a (111) plane with a/3[11%2]
(111), a/6[11%2] (111) and a/2[101] (%111), with a being the lattice
constant of Ni3Al, respectively.33,34 In addition, a twinning
boundary is constructed by an anti-stacking order in contrast
to that of single-crystal Ni3Al at the two opposite sides of a (111)
plane (see the insets in Fig. 1b–e).

2.2. Molecular dynamics simulations

Nanoindentations of Ni3Al with planar defect models were
simulated to investigate the hardening effects of planar defects
by selecting a single-crystal Ni3Al substrate as a reference.
Fig. 1a shows the initial configuration of the single-crystal
Ni3Al substrate in the indentation simulation. All Ni3Al sub-
strates were created with a cubic shape of sizes 30 � 30 �
60 nm3 along the X-[00 %1], Y-[1%10] and Z-[110] directions,
containing B4 820 000 atoms (see Fig. 1a–e). A rhombic virtual
plane indenter was used with a size of 3.5 � 2.6 nm2 to produce
pure PDL pairs so that the interactions can be quantified
between them and a planar defect. During indentation, a
periodic boundary condition was introduced in the Y-[1%10]

Fig. 1 (a) Sketch of the nanoindentation model for a single-crystal (SC) Ni3Al substrate to generate prismatic dislocation loop pairs, and the
nanostructured L12 Ni3Al with planar defects of (b) twinning boundary (TB), (c) superlattice intrinsic stacking fault (SISF), (d) complex stacking fault
(CSF) and (e) antiphase boundary (APB), where atoms are colored by common neighbor analysis with white and red representing the surface atoms and
planar defects. FCC structures were removed for clarity in (b–e). The antiphase boundary in (e) is indicated by a red dashed box. The inset in (a) shows the
three-dimensional structure of a Ni3Al cell and the insets in (b–e) show their local enlarged structures.
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crystallographic direction, while free boundary conditions were
implemented along the other two directions to ensure that the
surface interacted with the indenter is (110). In order to
monitor the variations of the interfacial potential energy, both
sides of planar defects with a thickness of B0.5 nm were
surveyed and defined as the ‘‘interfacial zone’’. Then, the
potential energy per atom in an interfacial zone was
computed and summed to obtain the interfacial potential energy.
For comparison, the interfacial zone was also prefabricated at the
corresponding position of the single-crystal Ni3Al substrate.
To avoid translation in the Z direction, all samples were restrained
by an opposite body force distributed equally among the bottom
atoms with a thickness of 1.0 nm. The value of the body force is
precisely that of the load imposed by the indenter on (110) planes.

Atomistic simulations were performed by using the Large-
scale Atomic/Molecular Massively Parallel Simulator.35

The embedded-atom potential function for a Ni–Al system
developed by Mishin36 was taken to define the atomic interactions
of Ni3Al. In this function, the total energy, E, of a system can be
described as

E ¼
X

i;j
iaj

fEAM rij
� �
þ
X

i

F rið Þ; (1)

where jEAM(rij) is the pair interaction energy represented as a
function of the distance rij between atoms i and j, and F is the
embedding energy of atom i, and ri is the function of electron
density, which is given by

ri ¼
X

iaj

fj rij
� �

; (2)

where fj (rij) 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
simulations, initial configurations were energetically minimized by
relaxing all samples for 20 ps. The temperature was controlled at
1 K during simulations to avoid thermal effects. The indentation
speed and maximum indentation depth were 5 m s�1 and 5.0 nm,
respectively. The dislocation types and structural formation under
indentations were first recognized by calculating the number of
common neighbors around an atom. Then, its discrepancy from a
perfect crystalline lattice was employed to show the structural
formation. Finally, Burgers vectors were obtained by building
Burgers circuits around those atoms deviating from the perfect
crystalline lattice.37

3. Results
3.1. Nucleation of PDL pairs in single-crystal Ni3Al

A typical indentation force–depth curve of single-crystal Ni3Al
first undergoes an upward trend until the depth reaches
0.51 nm at which a PDL nucleates (see A in Fig. 2a). Under
indentation, four 1/6h112i Shockley dislocations are generated
along the {111} slip plane and adhere to the lower surface of the
substrate. With the four 1/6h112i dislocations moving downward,
two 1/3h100i Hirth dislocations form at two opposite joints of

the four 1/6h112i dislocations. Meanwhile, two 1/6h110i stair-rod
dislocations appear at the other two opposite joints of the four
1/6h112i dislocations. With the increase of depth, other four
1/6h112i dislocations initiate at the surface of the substrate to
link the already formed dislocation network. Thus, a PDL is
established. As depth increases to 0.57 nm, this PDL separates
from the surface of the substrate and the indentation force
decreases to its local minimum (see B in Fig. 2b). After that,
the indentation force increases again to its local maximum
with the increase of depth to 0.69 nm, i.e., C in Fig. 2b. At this
point, the second PDL begins to nucleate. The separation of
the second PDL from the surface witnesses a decrease of the
indentation force to its local minimum once more at a depth of
0.72 nm (marked as D in Fig. 2a). After that, the two PDLs form a
pair and move in coordination.

The microstructure of a PDL in Fig. 3 shows that it is
composed of eight 1/6h112i Shockley, two 1/3 h100i Hirth and
two 1/6h110i stair-rod dislocations. The 1/3h100i Hirth and
1/6h110i stair-rod dislocations act as stabilizing pinning locks,
maintaining the structure of PDLs stable as they move inside
the single-crystal Ni3Al matrix. Further indentation reveals that
PDLs always periodically appear in pairs and the corresponding
indentation–depth curve experiences the same trend as that
corresponding to the activities of the first PDL pair.
The generating period of PDL pairs can be measured by the
displacement, 0.3 nm, of the indenter between the two adjacent
nucleating events of the PDL pairs and the speed of the
indenter, 5 m s�1. That is, PDL pairs are produced every
60 ps. The generation of PDL pairs in Ni3Al differs by that in
general FCC structural metal materials in which PDLs do not

Fig. 2 (a) Typical indentation force/interfacial potential energy–depth
relationships of single-crystal Ni3Al. (b) Atomic configurations at points
A–D in (a) correspond to various indentation depths of 0.51, 0.54, 0.57 and
0.72 nm, where atoms are colored by common neighbor and dislocation
analysis.
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appear in pairs. This is because that the minimum Burgers
vector in a L12 structure is two times of that in a FCC
structure.26

Periodic activities of the PDL pairs are also reflected in the
interface potential energy–depth curve. Specifically, as shown
in Fig. 2a, when a PDL pair moves down along the slip plane
and crosses the prefabricated interfacial zone, the interface
potential energy produces a peak. After this, the pair passes
through the interface area, and the potential energy returns to
its original value. The period between the two successive peaks
of the interface potential energy is also 60 ps. As the PDL pairs
continue to nucleate and propagate, they finally cut through
and disappear at the bottom of the substrate. The detailed
dynamic evolution process can be found in Video S1 of the
ESI.†

3.2. Interactions between PDL pairs and twinning boundaries

Outwardly, the indentation force–depth curve of the substrate
with a twinning boundary can be divided into four stages via
monitoring the indentation force, interfacial potential energy
and dislocation activities (see Fig. 4a). In stage I, similar to the
changing trend of the single-crystal Ni3Al in Section 3.1 (see
Fig. 2a), the force linearly increases with depth, suggesting a
pure elastic deformation of the substrate. Then, it undergoes
fluctuation, demonstrating the initiation and separation of the
first PDL pair from the surface of the substrate. When the
indentation depth reaches 0.78 nm (see the atomic pattern at
A in Fig. 4b), the first PDL pair approaches the twinning
boundary, so that the twinning boundary plane is subjected
to an attractive force to generate stress concentration in areas
directly below the PDL pair. In stage II, the first PDL pair
oscillates up and down above the twinning boundary plane, and
the corresponding interfacial potential energy also fluctuates
violently. The atomic configuration corresponding to stage II
can be seen in Fig. S1 (ESI†). In stage III, at an indentation depth
of 1.32 nm, the first PDL pair contacts and reacts with the
twinning boundary. At the same time, the second PDL pair also
completes nucleation and moves downward (see the atomic
pattern at B in Fig. 4b). Because the first PDL pair adheres to
the twinning boundary plane, the interfacial potential energy

grows significantly (around B in Fig. 4a). As the indentation depth
continues to increase, the twinning boundary plane reacts with
the first PDL pair to produce the dislocation pinning lock, which
blocks the movement of this pair. Meanwhile, more PDL pairs
generated from the indentation surface continuously move down-
ward and accumulate on the twinning boundary plane to pile up
(see the atomic pattern at C in Fig. 4b). In this stage, the
indentation force shows an increase in general although
accompanied by fluctuation. However, the interfacial potential
energy increases precipitously until it reaches stabilization. After
that, the indentation depth exceeds 3 nm, that is, stage IV.
The newly generated PDL pairs have piled up and merged above
the twinning boundary plane, and finally collapsed by themselves
(see the atomic pattern at D in Fig. 4b). At this stage, the
indentation force keeps increasing but the interfacial potential
energy maintains a stable value. The detailed interaction process
between the PDL pairs and the twinning boundary during inden-
tation can be seen in Video S2 and Fig. S2 of Section S1 in the ESI.†

3.3. Interactions between PDL pairs and other planar defects

In general, the interactions between planar defects and PDL
pairs do not alter the structure of the latter although they suffer
changes in shape. Details are given in Sections S2–S4 of the
ESI.† For a superlattice intrinsic stacking fault, its indentation
force, interfacial potential energy and microstructure evolution
are shown in Fig. S3–S5 (ESI†). Briefly, when the PDL pairs
interact with the superlattice intrinsic stacking fault, a small

Fig. 3 Microstructure of a prismatic dislocation loop (PDL) is visualized by
dislocation analysis, with green, purple and yellow lines indicating 1/6h112i
Shockley, 1/6h110i stair-rod and 1/3h100i Hirth dislocations, respectively.
FCC structures were removed for clarity.

Fig. 4 (a) Indentation force/interfacial potential energy–depth relation-
ships of Ni3Al with a twinning boundary (TB), (b) atomic configurations at
various indentation depths of 0.78, 1.32, 2.37 and 4.20 nm, where atoms
are colored by common neighbor and dislocation analysis, with green,
blue, purple, yellow and red lines indicating 1/6h112i Shockley, 1/2h110i
perfect, 1/6h110i stair-rod, 1/3h100i Hirth, and other kinds of dislocations,
respectively. The inset in (b) indicates a partially enlarged structure colored
according to the shear stress tyz.

Paper PCCP

Pu
bl

is
he

d 
on

 2
2 

A
pr

il 
20

21
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

Sa
nt

a 
B

ar
ba

ra
 o

n 
5/

15
/2

02
1 

11
:1

0:
34

 A
M

. 
View Article Online

https://doi.org/10.1039/d1cp00741f


This journal is © the Owner Societies 2021 Phys. Chem. Chem. Phys., 2021, 23, 10377–10383 |  10381

amount of PDL pairs penetrated it adhere to its lower surface,
resulting in the gradual increase of the interfacial potential
energy. With the increase of the indentation depth, those PDL
pairs adhered to the bottom surface of the superlattice intrinsic
stacking fault also gradually detach and disappear from the
bottom surface of the substrate (see Fig. 5a). The whole
dynamic evolutionary process of interaction between the PDL
pairs and the superlattice intrinsic stacking fault can be found
in Video S3 of the ESI.†

For a complex stacking fault, with the increase of the
indentation depth, the lower wing of the first PDL pair contacts
the complex stacking fault plane, resulting in direct fading of
their intersection, accompanied by the generation of new
1/6h112i Shockley dislocations at the edge of the faded region.
Subsequently, the first PDL pair continues to move down, the
complex stacking fault at the left of the PDL pair has faded and
a layer of superlattice intrinsic stacking fault is generated.
The newly generated superlattice intrinsic stacking fault
expands along the original complex stacking fault plane before
it is blocked by two 1/6h110i stair-rod dislocations as it arrives
at the location of the first PDL pair. At the right side of the first
PDL pair, the complex stacking fault also gradually fades with
the propagation of the newly stimulated 1/6h112i Shockley
dislocations on the original complex stacking fault plane
(see Fig. 5b). Finally, the entire complex stacking fault is
completely replaced by the newly generated superlattice
intrinsic stacking fault. The indentation force, interfacial
potential energy and microstructural evolution are shown in
detail in Fig. S6 (ESI†). From Video S4 of the ESI,† the dislocation
dynamic evolution can also be observed.

An antiphase boundary is a unique planar defect in Ni3Al.
The interactions between the antiphase boundary and the PDL
pairs do not produce extra dislocations. However, a part of the
antiphase boundary plane that interacted with the PDL pairs
tends to migrate by an atomic layer after the penetration of half
of the PDL pair. As shown in Fig. 5c, the partial antiphase
boundary has migrated down by thirteen atomic layers,

resulting from passing through of 6.5 PDL pairs. The indentation
force, interfacial potential energy and microstructural evolution
are shown in detail in Fig. S7 (ESI†). The dynamic interaction
process between the PDL pairs and the antiphase boundary
during indentation can be observed from Video S5 of the ESI.†

4. Discussion
4.1. Interactions between PDL pairs and planar defects

As mentioned above, the interactions between the PDL pairs
and planar defects of Ni3Al significantly depend on the types of
planar defects. A twinning boundary has a superior blocking
effect and can prevent the movement of the PDL pairs to the
bottom of the substrate. This is because that the h110i/{111}
slip system changes by 901 � arcosh[110]�[111]i = 54.71 with
respect to the indentation direction below the twinning boundary
plane. However, the h110i/{111} slip system does not change at the
two sides of the other planar defects. The interactions between
the twinning boundary and the PDL pairs lead to the migration of
the twinning boundary and the PDL pairs piling up on the
twinning boundary surface. This also indirectly reflects that the
twinning boundary has a good ability to prevent dislocation
movement and absorb dislocations. That is, the twinning
boundary can effectively improve the strength and toughness of
nanostructured materials that are consistent with the experi-
mental observations and simulations.9–12 For example, based on
nano-twinned metals, strengthening due to dislocation pile-up
and softening induced by the migration of the twinning boundary
were revealed by molecular dynamics simulations.10 Moreover,
such behaviors were also observed by Lu et al.11 in experiments.
It is of interest to point out that the impediment of the twinning
boundary to PDL pairs is robust and none of them can get
through.

For Ni3Al with a planar defect of superlattice intrinsic
stacking fault, as the indentation depth increases, most PDL
pairs pass through the superlattice intrinsic stacking fault and
disappear from the bottom of the substrate, just like the
behavior of PDL pairs in single-crystal Ni3Al. However, there
is still a small amount of PDL pairs that adhere to the lower
surface of the superlattice intrinsic stacking fault. This is the
reason that superlattice intrinsic stacking fault falls behind the
twinning boundary in the hardening effect. After the transfor-
mation of the complex stacking fault to a superlattice intrinsic
stacking fault, the substrate with these two kinds of planar
defects behaves almost the same under indentation. The
discrepancy in their hardening effects is mainly attributed to
their energetic stability. According to the analysis of first
principles, the energy of a complex stacking fault is nearly
two times over that of a superlattice intrinsic stacking fault,38,39

so the stability of the former is weaker than that of the latter.
This is the main reason why the former transforms into the
latter as it interacts with the first PDL pair.

As another kind of planar defect, the antiphase boundary
has the smallest blocking effect on the motion of the PDL pairs
in comparison with the above three planar defects. The only

Fig. 5 Atomic configurations of Ni3Al with planar defects of (a) superlattice
intrinsic stacking fault (SISF), (b) complex stacking fault (CSF), and (c) antiphase
boundary (APB), respectively, corresponding to various indentation depths of
4.53, 0.81 and 3.93 nm. Atoms in (a) and (b) are colored by common neighbor
and dislocation analysis, with FCC structures being removed for clarity.
Atoms in (c) are colored according to the stress sz.
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contribution to hardening is the migration of the partial
antiphase boundary. The migration originates from the flowing
unique interaction as an antiphase boundary meets a PDL.
On one hand, the movement of the leading partial of a PDL
eliminates the preexisting antiphase boundary, and on the
other hand, the trailing partial of this PDL regenerates this
structure but with a distance of an atomic layer from its original
position. This is just the same observed in the perfect L12

intermetallic compound.40,41

In general, it can be deduced from the modes of interaction
between the PDL pairs and the four types of planar defects that
the twinning boundary has the best impediment to the
movement of the PDL pairs, followed by the superlattice
intrinsic stacking fault and complex stacking fault, while the
antiphase boundary is the weakest one. This is consistent with
our previous research results.42

4.2. Hardening effects of planar defects

The average indentation force and hardness of the nanostructured
Ni3Al significantly depend on the types of planar defects, as
summarized in Table 1. The relationships between the indentation
force/hardness with various indentation depths can be seen in
Fig. S8 (ESI†). It is shown that, hardening is achieved by planar
defects such as twinning boundary, superlattice intrinsic stacking
fault, complex stacking fault and antiphase boundary with a
hardness of 50.0, 39.0, 39.3 and 34.0 GPa, respectively, compared
with that, 33.0 GPa, of the single-crystal Ni3Al substrate. The
indentation force has a similar change trend. The indentation
force of Ni3Al with a twinning boundary is the largest, and the
force of Ni3Al with an antiphase boundary is slightly bigger than
that of the single-crystal Ni3Al substrate.

To explain the hardening effects of planar defects, we
consider a PDL pair with mass M moving to a rigid interface
with speed v. After interacting time t, it gains a momentum loss
of a (0 r a r 1), which is defined as the impeding coefficient.
This parameter can be regarded as the proportion of adhering
events as n PDL pairs meet an interface. Since all PDL pairs lose
their momentums above the twinning boundary, the corresponding
value of a is 1 for all 8 collisions. In contrast, a single crystal obtains
a value of 0 due to the lack of blocking mechanisms. The values of
a for the superlattice intrinsic and complex stacking faults are
directly counted by the ratio, 3 of adhering events to 8 of total
collisions, that is, a = 3/8. The value of a = 0.08 for an antiphase

boundary is measured by the variations in displacements of 9 PDL
pairs at both sides of the antiphase boundary with a fixed time
interval. Thus, the increment of hardness DH can be described as

DH ¼ a
nMv

tS
; (3)

where S is the area of the indenter. The detailed formula derivation
and determination of parameters can be seen in Section S5 of the
ESI.† This equation theoretically predicts that the increments of
hardness resulting from the twinning boundary, superlattice
intrinsic stacking fault, complex stacking fault, and antiphase
boundary are 18.7, 7.1, 7.1 and 1.5 GPa, respectively, which are
slightly bigger than our molecular dynamics results (see Table 1).
This is because the momentum loss of the PDL pairs does not
contribute to the hardness entirely. A part of it has been consumed
to fade or transform the planar defects, or to migrate the twinning
and antiphase boundaries.

5. Conclusions

The interactions between PDL pairs and planar defects in
nanostructured Ni3Al have been investigated by generating
perfect PDL pairs and constructing planar defects by nanoin-
dentation of molecular dynamics simulations. It is shown that
PDLs are always generated in pairs with a butterfly-like shape
and hardening can be achieved by planar defects such as the
twinning boundary, superlattice intrinsic stacking fault,
complex stacking fault and antiphase boundary with a single
crystal as a reference. The main conclusions can be summarized
as follows:

(1) A twinning boundary exhibits a superior blocking effect,
which completely prevents the movement of PDL pairs.

(2) Superlattice intrinsic and complex stacking faults have
basically the same blocking ability, which is 3/8 of that of the
twinning boundary.

(3) An antiphase boundary only offers a slight hardening
effect due to its migration.

These findings provide new insights into a deep under-
standing of the interaction mechanisms between PDL pairs
and planar defects in nanostructured intermetallic compounds
with the L12 structure, especially Ni3Al, and benefit their
optimal design and wide applications in aerospace industries.
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Table 1 Indentation properties of Ni3Al with planar defects, where values
in brackets are theoretical predictions of eqn (3)

Structures

Average
indentation
force (nN)

Average
hardness
(GPa)

Increment of
hardness
(GPa)

Impeding
coefficient

Single crystal 300.2 33.0 — —
Twinning boundary 454.7 50.0 17.0 [18.7] 1.00
Superlattice intrinsic
stacking fault

355.1 39.0 6.0 [7.1] 0.38

Complex stacking
fault

358.0 39.3 6.3 [7.1] 0.38

Antiphase boundary 309.5 34.0 1.0 [1.5] 0.08
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