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g/g0 interface relative distributions
on the deformation and crack growth behaviors of
a nickel-based superalloy

Xinmao Qin, abcd Wanjun Yan, b Yilong Liang*acd and Fei Liacd

Using the molecular dynamics (MD) method, we investigated the effects of crack distributions on the

deformation and crack growth of a nickel (Ni)-based superalloy. The results indicated that as the distance

between two cracks increased, both tensile strength and plasticity decreased, while the crack growth rate

significantly increased. In systems with short crack distances, strong interactions occurred between the

dislocations that emitted from two cracks and the g/g0 interface mismatched dislocation network. These

interactions led to an overlap in the plastic zones ahead of the crack tips at the g/g0 interface, which

resulted in significant passivation at the front and middle regions of the cracks. Consequently, the two

cracks merged in the X-direction to form a wide crack. The cracks coalescence consumed a lot of external

deformation work, resulting in the highest tensile strength and plasticity. In this study, we proposed

a potential approach to simultaneously enhance the strength and plasticity of multidefect systems,

providing a theoretical basis for explaining deformation mechanisms and crack growth in these systems.
1. Introduction

Nickel-based superalloys, a type of aging strengthened alloy
widely used at present, contain numerous coherent precipi-
tates, such as the g0 (Ni3Al) and g00 (Ni3Nb) phases. These
precipitates signicantly enhance the strength of the alloy at
room and elevated temperature. Because of their excellent
properties, such as corrosion resistance and high strength,
these superalloys are commonly used in components, for
example, oil slinger drum shas and turbine disk connection
bolts for aircra engines, as well as wind power connection
bolts, and key components for marine engineering.1–3 The
plastic deformation and fracture failure of mechanical compo-
nents occur primarily during service. The fracture of
a mechanical component consists of crack initiation and crack
growth at themacroscopic level. Themicroscopic mechanism of
fracture refers to the chemical bond constantly broken between
atoms, which determines the crack initiation and growth
process of mechanical components on a macroscopic scale, and
ultimately determines their mechanical properties. The
mechanical components inevitably contain microscopic voids,
hou University, Guiyang 550025, China.
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cracks, and other defects, which alter the microstructure
evolution during deformation and the corresponding mechan-
ical properties. Therefore, it is necessary to study the effects of
internal microscopic defects, such asmicro-cracks, micro-voids,
and grain boundaries, on the deformation and fracture.
However, it is difficult to experimentally study the microstruc-
ture evolution of the deformation system in real time. The
atomic-scale molecular dynamics (MD) simulation provides
a feasible way for the investigation of deformation and fracture
of materials. The MD method treat atoms as classical particles
whose motion follows Newton's equations of motion. And the
Newton's equation of motion was solved by integral algorithm
to obtain the evolution of atomic position and velocity with
time. So, the corresponding relationship between the micro-
structure of the system and its physical and mechanical prop-
erties was obtained. During deformation, the MD simulation
can be used to record the atomic motion trajectory of the system
in real time and to further analyze the microstructure evolution
through corresponding visualization soware.

To date, MD methods have been widely used to study the
deformation and fracture of pure metals, including Ni,4–11 Cu,12,13

Al,14–17 Ag,18 Fe,19–22 Mg,23 and Ti.24,25 In addition to pure metals,
the deformation and fracture of binary nickel/nickel aluminide
(Ni/Ni3Al) alloy have been investigated using the MD method.
Yashiro26 et al. studied the dislocation behavior of the tip and
edge of the rectangular precipitate (Ni3Al) in the Nimatrix. Zhu,27

Wu,28 Li29 and Yang30 further investigated stability mechanism of
mismatched dislocation networks at different g (Ni)/g0 (Ni3Al)
interfaces of Ni-based superalloys. Li31 and Chen32 discussed the
deformation behaviors and microstructure evolution of the g/g0
RSC Adv., 2024, 14, 15953–15963 | 15953
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system under shock loading. Kohler33 et al. performed MD
simulation of the interaction between edge dislocation of the Ni
matrix phase and spherical precipitate. It was found that the
interaction between dislocation and precipitate was related to
the size of precipitate. Cui34 et al. explored the effect of micro-
scopic defects on the interaction between dislocation and Ni3Al
precipitate. Liu,35 Ma,36 Yu,37 and Ben38 studied the crack growth
behavior of the g/g0 system and found that the defects (e.g.,
vacancy, dislocation), g/g0 interface, and grain boundary had
a signicant impact on the crack growth. The effects of different
stress states, crack locations, and orientations on fatigue crack
growth in Ni-based superalloys were studied in our previous
work.39 The inuence of relative distributions of multiple
microscopic defect (holes or cracks) on the deformation and
fracture of g/g0 alloy is rarely studied.

In this study, we used the MD method to systematically
examine the inuence of the two cracks distributions relative to
the g/g0 interface on the deformation and crack growth behavior
of the deformation system. The different distributions of two
cracks relative to the g/g0 interface mainly refers to the differ-
ence of the distance between the two cracks (which distributed
at the two side of the g/g0 interface) in the width (X-direction in
our simulation model) and length (Y-direction in our simula-
tion model) direction. So, we primarily investigate the distance
between the two cracks in the width (X-direction in our simu-
lation model) and length (Y-direction in our simulation model)
direction on the deformation and crack propagation behavior of
the Ni/Ni3Al superalloy. By calculated the tensile strength,
accumulated plastic strain, and the relationship between the
crack length and strain of the deformation system with different
cracks distributions, the deformation and crack propagation
behavior of the Ni/Ni3Al superalloy with different distributions
of two cracks relative to the g/g0 interface were analyzed. And
further provided the microscopic mechanism of the deforma-
tion and crack growth of the system in terms of the micro-
structure evolution characterization of the system and fracture
mechanics theory analysis. Our research provides a potential
way to improve the strength and plasticity of multidefect
systems (e.g., internal nanopore, cracks) at the same time and
provides a theoretical basis for explaining the deformation
mechanism and crack growth of multidefect systems.

2. Simulation method and details
2.1 Simulation method and model

In this work, we used the Large-Scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS)40 soware to investi-
gate the deformation and crack growth behaviors in Ni-based
superalloy. The simulation model was composed of the g

phase (Ni) and g0 phase (Ni3Al), as shown in Fig. 1. The
dimensions of the model were 514, 257, and 257 Å for the X
([100]), Y ([010]), and Z ([001]) direction, respectively. To relax
the mismatched stress that originated from the lattice
mismatch of the g phase and g0 phase, we selected the size of
two phases of the model as nag zmag0 (the n andm are positive
integer numbers; ag = 3.524 Å and ag0 = 3.573 Å). By remove
some atoms of the corresponding regions in the system, we
15954 | RSC Adv., 2024, 14, 15953–15963
created a model with two cracks for specied distributions. It
should be noted that the initial crack shape is rectangular, and
its length and width is 15ag and 3ag (ag = 3.524 Å), respectively.
At present, the deformation system with rectangular crack has
been extensively applied to study the deformation and crack
propagation behavior of the metals.5,8,18,38,41,42 In this simula-
tion, the different distributions of two cracks relative to the g/g0

interface mainly refers to the difference of the distance between
the two cracks (which distributed at the two side of the g/g0

interface) in the width (X-direction in our simulation model)
and length (Y-direction in our simulation model) direction.
Therefore, we divided the model with various cracks distribu-
tions (relative to the g/g0 phase interface) into two cases: (1) two
cracks were distributed symmetrically relative to the interface,
and the distance between crack1 and crack2 (dx) in the X-
direction was 20, 40, 60, 80, 120, 160, 200, and 240 Å (as shown
in Fig. 1(b)); and (2) two cracks were distributed asymmetrically
relative to the interface, and the distance dy in the Y-direction
was 0, 30, 60, 90, and 120 Å (as shown in Fig. 1(c)).

We applied the three-dimensional periodic boundary condi-
tions to the simulation. Before loading, using an isothermal–
isobaric ensemble (NPT), the simulation system relaxed 10 ps at
a temperature of 300 K and a pressure of 0 bar. Then we per-
formed the uniaxial tensile loading along the X-direction, and we
used the microcanonical ensemble (NVE) in this loading stage
(strain rate _3= 1× 109 s−1, it should be noted that this strain rate
is commonly used in molecular dynamics simulations investi-
gation of deformation and fracture of metal systems). To verify
the repeatability of the calculation results, we conducted three
calculations for each model. The results showed that the calcu-
lation data obtained by the same model with different random
number parameters were fundamentally consistent, which
indicated that our calculation results were reliable.
2.2 The atomic interactions potential

In this work, the Ni–Ni and Ni–Al atomic interactions of the
deformation system was described by eam/alloy potential,43

which was extensively used to simulate mechanical properties
of Ni/Ni3Al superalloy. And these results shows that the eam/
alloy potential can be described successfully the relationship
between the microstructure evolution and mechanical proper-
ties of Ni/Ni3Al superalloy with crack.32,38,44 The eam/alloy
potential consists of the terms:

Ei ¼ Fa

 X
jsi

rb
�
rij
�!þ 1

2
$
X
jsi

Bab

�
rij
�

(1)

where Ei is the total energy of the deformation system, Fa is the
embedding energy which is a function of the atomic electron
density rb(rij),Bab(rij) is a pair potential interaction, a and b are
the element types of atoms i and j.
2.3 The analysis method of the microstructure

To characterize the deformation and crack growth behaviors of
these systems, we analyzed the evolution of microstructure and
dislocations of the model using common neighbor analysis
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The MD simulation tensile model, (a) the structure of the (Ni)/(Ni3Al) alloy, (b) the loading condition I, (c) the loading condition II.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 4

/7
/2

02
6 

2:
01

:1
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
(CNA)45,46 and the dislocation extraction algorithm (DXA) of the
Open Visualization Tool (OVITO)47,48 soware.
3. Results
3.1 Deformation behaviors

3.1.1 Effect of crack distance (dx) in the X-direction.
Fig. 2(a) shows the stress–strain relationship and the tensile
strength of the model with various distances between crack1
and crack2 in the X-direction. In the elastic deformation stage,
the crack distance of the system did not have an inuence on
the elastic modulus. When the deformation entered the plastic
stage, however, the stress–strain response of these models was
noticeably different, especially for the models with the distance
Fig. 2 Stress–strain behaviors of tensile model with various distances be
the inset (b) denote the tensile strength of different model, and (c) accu

© 2024 The Author(s). Published by the Royal Society of Chemistry
dx = 40 Å and dx = 240 Å. As the distance between crack1 and
crack2 increased, the tensile strength and fracture strain of the
model rst increased to a maximum and then decreased. For
example, the tensile strength of the model with crack distances
of 20, 40, 60, 80, 120, 160, 200, and 240 Å was 9.0, 9.3, 9.1, 8.60,
8.65, 8.73, 8.16, and 8.10 GPa, respectively, and the fracture
strain of the model with various crack distances was 0.34, 0.38,
0.22, 0.16, 0.10, 0.09, 0.09, 0.09, and 0.08, respectively.

Based on the stress–strain curve, we further calculated the
accumulated plastic strain of the deformation system, as shown
in Fig. 2(c). The accumulated plastic strain of the deformation
system, which was dened as the total tensile strain at the
fracture subtracting the elastic strain of the deformation
system. As the distance between crack1 and crack2 increased
tween crack1 and crack2 in the X-direction: (a) stress–strain curve, and
mulated plastic strain of tensile model.

RSC Adv., 2024, 14, 15953–15963 | 15955
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from 20 to 240 Å, the accumulated plastic strain of the tensile
system decreased. When the distance increased to 120 Å, the
accumulated plastic strain of the tensile system remained
almost unchanged. From these results, we found that the
distance between crack1 and crack2 in the X-direction obviously
affected the deformation behaviors of tensile system.

3.1.2 Effect of crack distance (dy) in the Y-direction. Fig. 3
shows the stress–strain relationship, the tensile strength, and
accumulated plastic strain of the tensile model with various
distances between crack1 and crack2 in the Y-direction. We
found that when the distance (dy) changed, the deformation
behavior of the system changed signicantly. When dy= 0 Å, the
tensile strength and accumulated plastic strain of the defor-
mation system was 9.3 GPa and 0.33, respectively. However,
when dy = 90 Å, the tensile strength and accumulated plastic
strain decreased to 7.3 GPa and 0.06, respectively. Both the
strength and plasticity of deformation system drastically dete-
riorated as the dy increased.

Based on these results, as the distance between crack1 and
crack2 increased, both the tensile strength and plasticity of the
Fig. 3 Stress–strain behaviors of tensile model with various distances b
inset (b) denote the tensile strength of different model, and (c) accumul

Fig. 4 Crack length versus strain curve of the tensile model with various
respectively. With the change of dx, the maximum crack length determin
versus strain relationship, as shown in (a). However, the total crack length
and therefore, we considered total crack length versus strain relationshi

15956 | RSC Adv., 2024, 14, 15953–15963
tensile system notably weakened. This indicated that the
strength and plasticity of the multicrack system could be
improved simultaneously by reducing the distance between
cracks in the system.

3.2 Crack growth behaviors

Fig. 4 shows the crack length versus strain relationship of the
tensile model with various distances between two cracks. The
crack growth in the tensile process had three typical stages—
namely, the crack growth incubation stage (I), the crack growth
rapid stage (II), and the crack growth stable stage (III). As dx
increased from 20 Å to 240 Å, the strain consumed in the crack
growth decreased, and the crack growth rate increased signi-
cantly. When dx = 20 Å, the crack growth mainly occurred
during the crack growth stable stage (III), which consumed
about 30% total tensile strain, whereas the crack growth stages I
and II consumed 7 and 3% total strain, respectively. When dx
increased to 60 Å, the strain consumed by the crack growth
stable stage (III) accounted for about 10%, and the strain
consumed in the crack growth incubation stage (I) and the rapid
etween two cracks in the Y-direction: (a) stress–strain curve, and the
ated plastic strain of tensile model.

distances between two cracks, (a) and (b), in the X- and Y-directions,
ed the deformation behavior, so we examined maximum crack length
determined the deformation behavior of the system with different dy,

p, as shown in (b).

© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra02723j


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 4

/7
/2

02
6 

2:
01

:1
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
growth stage (II) was 5%. When dx = 120 Å, the system
completely broke at the end of stage (II) of crack growth, and
there was no stable crack growth stage. For the system (dx = 40
Å) with different dy, as crack distance increased, the crack
growth rate increased, and the plastic work consumed in the
crack growth process decreased. When dy > 30 Å, crack1 and
crack2 began to propagate when the tensile strain of the system
was 5%. Compared to the system when dy = 0 Å, the crack
growth rate in stage (II) obviously increased. These results
showed that the distance between two cracks on both sides of
the g/g0 interface had a signicant effect on crack growth.
4. Discussion
4.1 Microstructure evolution

Fig. 5 shows the microstructure evolution Fig. 5(a1)–(h1) and
dislocation conguration Fig. 5(a2)–(h2) of the system, which two
cracks are distributed symmetrically relative to the interface and
dx= 40 Å. Note that the green, red, and gray atoms represent face-
centered cubic, hexagonal closest packed, and amorphous
structure atoms in this gure, respectively. The area represented
by the red atoms is the stacking fault during the deformation
process. During the relaxation of the system before deformation,
a quadrilateral mismatched dislocation network consisting of
four ~b ¼ 1=2h110i dislocations formed at the g/g0 phase (as
shown in Fig. 5(a2)), which was consistent with the results of
Wu27–29 et al. Because of the symmetric distribution of crack1 and
crack2 relative to the g/g0 interface and their small distance from
the interface in the deformation system, the dislocations that
Fig. 5 The evolution of microstructure and dislocation of the tensile mo
system at different tensile strain, (a2–h2) the dislocation configuration e

© 2024 The Author(s). Published by the Royal Society of Chemistry
emitted from two cracks interacted with the mismatched dislo-
cation network at the g/g0 interface (Fig. 5(b2)). When the tensile
strain was 5%, the interaction between the dislocations that
emitted from two cracks and the g/g0 interface mismatched
dislocation wasmore pronounced. As shown in Fig. 5(c2), the g/g0

interface mismatched dislocation network almost completely
disappeared, mainly because the mismatched dislocation
ð~b ¼ 1=2h110iÞ rst decomposed into two Shockley partial
dislocations ð~b ¼ 1=6h112iÞ and then interacted with the dislo-
cations emitted from two cracks. As the strain increased to 8%,
a high-density dislocation concentration zone appeared at the
vicinity of the crack as a result of the strong interaction of the
dislocations between the two cracks. At the same time, the crystal
structure of the area between the two cracks was signicantly
blunted (Fig. 5(e1) and (f1)), causing the two cracks to propagate
in the X-direction and merge into a broad crack. Then, as the
loading continued, the merged wide crack slowly propagated
until the deformation system completely fractured. During the
growth process of cracks along the X-direction (similar secondary
crack formation and growth), a large amount of plastic defor-
mation work was consumed, which resulted in the system having
the highest tensile strength and the best plasticity, whereas
cracks slowly propagated in a typical plastic manner.

For the deformation system when dx = 60 Å (Fig. 6), the
interaction between the crack emitting dislocations and the g/g0

interface mismatched dislocation network also occurred at the
beginning of deformation. Compared with the system when dx =
40 Å, however, the number of dislocations emitted from crack2
was relatively small, and the interaction between crack2 and the
del when dx = 40 Å, (a1–h1) the microstructure evolution of the tensile
volution of the tensile system at different tensile strain.

RSC Adv., 2024, 14, 15953–15963 | 15957
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g/g0 interface mismatched dislocation network was relatively
weak. Because the motion and interaction of dislocations that
emitted from crack1 played amajor role in the deformation,most
of the external plastic deformation work was used for crack1
growth along the Y-direction. Ultimately, the tensile strength and
plasticity of the system were lower than those of the system when
dx = 40 Å, and the crack growth rate was higher.

When the distance between two cracks in the system was dx
= 240 Å (Fig. 7), the crack tip rst emitted dislocations during
the deformation. Because of the excellent plastic deformation
ability of the g phase, the number of emission dislocations for
crack1 was large, whereas the number of emission dislocations
for crack2 was small. When the strain was 5%, the dislocation
emitted from crack1 interacted with the g/g0 interface mis-
matched dislocation network, which resulted in an obvious
passivation zone formation at the tip of crack1. As the strain
increased, the interaction between the dislocations at the
crack1 tip and the g/g0 interface mismatched dislocation
network was enhanced, and a large number of pinned disloca-
tions formed near the crack tip (the magenta ellipse region
shown in Fig. 7(e2) and (f2)). These pinned dislocations
hindered the plastic deformation of the system and led to the
crack1 brittle growth. Note, however, that crack2 did not have
any interaction with crack1 and the g/g0 interface. Ultimately,
the deformation work was almost entirely used for crack1
growth, which resulted in a high crack growth rate and mini-
mized the tensile strength and plasticity of the system.

Fig. 8 shows the microstructure and dislocation evolution
during the deformation of the system with two cracks distributed
Fig. 6 The evolution of microstructure and dislocation of the tensile mo
system at different tensile strain, (a2–f2) the dislocation configuration ev

15958 | RSC Adv., 2024, 14, 15953–15963
asymmetrically relative to the g/g0 interface and a distance of dy =
30 Å in the Y-direction. Compared with the deformation system
when dy = 0 Å (Fig. 5), when the strain of the system was 6%, the
dislocations emitted from the tip of the cracks interacted strongly
with the g/g0 interface mismatched dislocation network, so that the
interface dislocation network almost disappeared. At the same
time, the dislocation entanglement zone formed at the region of the
right-hand upper corner of crack1 and the le-hand lower corner of
crack2 (Fig. 8(b2)), because of the interaction between crack1 and
crack2. The dislocation interaction further led to themicrostructure
passivation of this zone, and then crack1 and crack2 merged to
form a long crack (Fig. 8(c1)–(f1)). Hence, the tensile strength and
plasticity of this system was weaker than the system when dy= 0 Å.
4.2 Dislocation analysis

Fig. 9 shows that the dislocation density versus strain of the
deformation system with different distances, (a) and (b) is the
variation curve for the total dislocation density and proportion
of pinned dislocation, respectively. During deformation, the
dislocation density of the system rst rapidly increased to its
maximum value, then gradually decreased, and nally
remained almost unchanged. Based on this analysis, we found
that the signicantly growth process of dislocation density
corresponded to stages (I) and (II) of crack growth (i.e., the crack
growth incubation stage and rapid crack growth stage). The
interaction between the dislocations that emitted from the
crack tip and the g/g0 interfacemismatched dislocation network
was signicant. Aer the crack growth entered stage (III) (crack
del when dx = 60 Å, (a1–f1) the microstructure evolution of the tensile
olution of the tensile system at different tensile strain.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The evolution of microstructure and dislocation of the tensile model when dx = 240 Å, (a1–h1) the microstructure evolution of the tensile
system at different tensile strain, (a2–h2) the dislocation configuration evolution of the tensile system at different tensile strain.
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growth stable stage), the dislocation density gradually
decreased because of the formation of a fracture surface within
the system caused by crack growth. The dislocations were
Fig. 8 The evolution of microstructure and dislocation of the tensile mo
of the tensile system at different tensile strain, (a2–f2) the dislocation co

© 2024 The Author(s). Published by the Royal Society of Chemistry
annihilated aer they moved to the fracture surface. We
compared the dislocation density versus strain curves of these
systems with different dx and found that as dx increased, the
del when dx = 40 Å and dy = 30 Å, (a1–f1) the microstructure evolution
nfiguration evolution of the tensile system at different tensile strain.
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Fig. 9 Dislocation density versus tensile strain of themodel with various crack distances: (a) the total dislocation variation, and (b) the variation of
pinned dislocation proportion.

Fig. 10 Shape of crack tip plastic zone of deformation system.
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total dislocation density of the system decreased during defor-
mation. When dx was very small, both cracks strongly interacted
with the interface mismatched dislocation network, which
caused a large number of dislocations to proliferate. The
proportion of pinned dislocations in the proliferated disloca-
tions was relatively small (see the red curve in Fig. 9(b)), which
increased the plastic deformation ability and tensile strength of
the system. The crack slowly propagated in a plastic manner.
When the dx was large, only crack1 interacted with the interface
mismatched dislocation network during the deformation,
whereas crack2 hardly participated in any of the deformations,
which inhibited the total dislocation density proliferation at
a certain degree. The dislocation proliferation process produced
a large number of immovable dislocations (accounting for
about 25% of the total dislocations), which suppressed the
deformation of the system. Thus, the crack propagated rapidly
in a brittle manner, reducing the tensile strength and plasticity
of the system.

4.3 Mechanical mechanisms

During the deformation of a metal system with cracks, a large or
small plastic deformation zone (called the crack tip plastic
zone) rst appeared near the crack tip.49 The shape and size of
the plastic zone of the crack tip was obtained from the boundary
curve equation of the crack tip:49,50

r0 ¼ 1

2p

�
KI

ss

�2

plane stress condition; (2)

r0 ¼ ð1� 2nÞ2
2p

�
KI

ss

�2

plane strain condition; (3)

KI ¼ s
ffiffiffiffiffiffi
pa

p
(4)

where KI is the stress intensity factor, ss is the yielding stress, s
is the remote stress, and a is the crack length. Because we
adopted the three-dimensional periodic boundary condition in
our calculation model, the deformation system was innite in
the direction of crack thickness, that is, it met the plane strain
condition. Formula (3) should be used to describe the shape
15960 | RSC Adv., 2024, 14, 15953–15963
and size of the plastic zone at the crack tip. According to
formula (3), we obtained the classical bone shape of the crack
tip plastic zone in our system, as shown in Fig. 10.

Based on the relevant theories of fracture mechanics
mentioned earlier, we provided the distribution maps of plastic
zones at the crack tips in different crack distribution systems (dx
= 40 and 240 Å), as shown in Fig. 11(a1) and (b1), respectively.
When two cracks were distributed symmetrically and the dx was
very small (dx = 40 Å), at the beginning of the deformation, the
plastic zone at the tips of crack1 and crack2 overlapped at the g/
g0 interface (red and blue shaded areas in Fig. 11(a1)). The
dislocations that emitted from the tips of crack1 and crack2
interacted strongly with the g/g0 interface mismatched disloca-
tion network in the crack tip plastic zone, thereby passivating the
area at the front of crack1 and crack2. In addition, the disloca-
tions that emitted from the cracks slipped toward the g/g0

interface in the core region, which interacted with the g/g0

interface mismatched dislocation network and caused passiv-
ation in the area between crack1 and crack2 (the magenta
elliptical area in Fig. 11(a1)). Because of the overlapping mech-
anism of the plastic zone at the crack tip, crack1 and crack2
merged to form a wide crack in the X-direction. The process of
crackmerging consumed a large amount of external deformation
work, which ultimately resulted in the system having high tensile
strength and good plasticity. The crack propagated slowly in
a plastic manner, as shown in Fig. 11(a2) and (a3).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Differences in the deformation and crack growth mechanism in the system with different crack distributions: (a) dx = 40 Å, and (b) dx =
240 Å.
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For a system with two cracks distributed symmetrically and
dx = 240 Å, because both cracks were far away from the g/g0

interface, there was no overlap between the plastic zones of two
cracks during deformation. Only the dislocation that emitted
from the crack1 tip interacted with the g/g0 interface mis-
matched dislocation network. A large number of pinned dislo-
cations in the g phase hindered the plastic deformation of the
system. While crack2 hardly participated in the deformation
behavior of the system, almost all of the applied deformation
work was used for the crack1 growth, and the system had low
tensile strength and plasticity.
5. Conclusion

In this study, we used the MD method to conduct a compre-
hensive analysis of the Ni/Ni3Al superalloy system, focusing on
the impact of different crack distributions on deformation and
crack growth behaviors. Our ndings revealed that an increase
in the distance between two cracks led to a signicant decrease
in the tensile strength and plasticity of the system. Concur-
rently, the crack growth rate within the system experienced
a notable increase. According to the underlying mechanism,
when the distance between two cracks was small, the plastic
zones at their tips overlapped during deformation. This overlap
resulted in strong crack interactions, which could be attributed
to the interaction between dislocations that emitted from the
© 2024 The Author(s). Published by the Royal Society of Chemistry
crack tip or core with the g/g0 interface mismatched dislocation
network. This interaction caused signicant passivation in the
front and middle regions of the crack tips, ultimately leading to
the merging of the two cracks in the X-direction to form a wider
crack. The emergence of two cracks consumed a considerable
amount of external deformation work, resulting in the highest
tensile strength and plasticity of the system.

Our study offered a potential approach to simultaneously
enhance the strength as well as plasticity of multidefect
systems, such as those containing internal voids and cracks.
Furthermore, we provided a theoretical framework for explain-
ing the deformation and crack growth mechanisms of systems
with multiple defects. For example, by understanding and
manipulating crack distributions, it may be possible to design
materials with superior mechanical properties that can with-
stand harsh environments and loading conditions.
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