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Molecular dynamics simulation of crack
propagation in very small grain size nanocopper
with different grain size gradients

Fankai Xian, (2 Jinjie Zhou,*3¢ Xiaofeng Lian,® Jinchuan Shen®® and Yuepeng Chen?®

In this paper, we use molecular dynamics to simulate the crack propagation behavior of gradient nano-
grained (GNG) copper models with different grain size gradients, compare the crack propagation rates of
different models, and analyze the microstructural changes and the mechanism of crack propagation. The
simulation results show that the increase of the grain size gradient of the GNG copper model can
improve the fracture resistance of the material, and the crack propagation mode undergoes a transition
from brittle propagation along the grain boundaries to the formation of pores at the grain boundaries,
and then to ductile fracture along the inclined plastic shear zone. The number of dislocations increases
with the grain size gradient, while the crack passivation is more serious, indicating that a larger grain size
gradient is more effective in inhibiting crack propagation. The introduction of gradient grain size
promotes crack propagation and weakens the plasticity of the material relative to the nano-grained (NG)

rsc.li/rsc-advances copper model.

1. Introduction

Nano-grained (NG) metals have high strength but poor ductility
compared to coarse crystals (CG), and the introduction of het-
erostructures can overcome the ductility limitation of NG
metals, which is an effective way to improve the performance of
NG metals for applications. Gradient nano-grained (GNG)
metals with progressively varying grain sizes from the surface to
the center have numerous excellent properties, including
strength-ductility =~ synergy,™” significant strain-hardening
effect,®” catalytic properties,*” and excellent corrosion resis-
tance.®® Various methods have been used in previous studies to
realize the gradient microstructure of metals, such as surface
mechanical attrition treatment,'® surface mechanical grinding
treatment (SMGT)," and frictional sliding deformation of
platens.™

The unique microstructure of gradient nanomaterials leads
to a unique deformation mechanism during deformation,
which is closely related to grain size, while dislocation activity
and grain boundary motion dominate the deformation of
metallic materials. Many studies have been devoted to reveal
the deformation mechanism of GNG structures through exper-
iments and simulations. Wu et al.®* and Cheng et al.** attribute
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the additional strain hardening of GNG metals to the storage of
geometrically necessary dislocations near grain boundaries or
within grains caused by the grain gradient size distribution,
which also makes the material highly ductile. Qiang et al*®
revealed the strengthening mechanism of the GNG model
structure by varying the width of the region for each grain size,
showing that the change in grain size leads to a shift in the
deformation mechanism from grain boundary motion of small
grains to dislocation slip of large grains, and at the same time
realizes the synergistic strengthening of dislocations and
heterogeneous structural deformation in the GNG structure.
Cheng et al.** established the mechanism linking the structural
gradient, plastic strain gradient, extra back-stress and extra
strength in GNG Cu through experiments and modeling, and
explained the higher extra strength and work-hardening of GNG
metal based on the extra back stress induced by GND buildup.
He et al.*® found that larger gradients in a certain size range
increase the strength through molecular dynamics (MD) simu-
lation studies. Uneven grain size leads to uneven stress distri-
bution and the appearance of synergistic deformation-induced
reverse H-P phenomenon. Zhu et al*® proposed that GND
stacking as resulting in back stress in the soft domains to
counteract the applied stress to make it appear stronger, and
forward stress in the hard domains to make it appear weaker,
and defined heterogeneous deformation-induced (HDI) hard-
ening as additional hardening induced by the interplay between
back stress and positive stress. Cao et al.”” found that the grain
size gradient has an effect on the strongest size, and an increase
in the grain gradient size will make the strongest size decrease,
in which the grain boundary-mediated softening process is the

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


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra07374b&domain=pdf&date_stamp=2023-12-20
http://orcid.org/0000-0002-6717-4983
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra07374b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014001

Open Access Article. Published on 02 January 2024. Downloaded on 10/22/2025 2:03:34 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

key to regulating the spatial distribution of grain boundaries
can be varied resistance and dislocations within the grain
boundaries or grains are stored to cause additional strain
hardening. In addition, Li et al®> summarized experimental,
theoretical, and computational studies on engineered metals
and alloys, showing that gradient nanostructures are an effec-
tive way to achieve simultaneous increases in material strength
and ductility, as well as additional work hardening.

In the study of the fracture properties of gradient nano-
materials, Jing et al.® and Jing et al.*® investigated the high-cycle
fatigue performance as well as the low-cycle fatigue perfor-
mance of GNG Cu, respectively, and showed that the gradient
nanostructures prevented surface roughening and crack
formation. Wang et al.** showed that large grain size gradients
can increase the resistance of nanocrystals to crack propagation
by shifting the fracture mode from intergranular to intra-
granular, as well as exhibiting higher fracture toughness, while
nanocrystals with uniform grain size or smaller gradients
exhibit intergranular fracture. Yang et al.** explored the crack
propagation process in gradient nanocrystals by constructing
a two-dimensional mathematical model, showing that the
dispersion of grain size facilitates the grain boundaries to
undergo adaptive deformation, which blunts the cracks and
hinders crack propagation. It is demonstrated that the related
mechanisms of grain boundaries (creep and debonding)
dominate the brittle toughness transition of nanomaterials. Li
et al.** used the distributed dislocation method to simulate the
evolution of the plastic zone and found that the larger the grain
size gradient, the larger the size of the dislocation and
dislocation-free zones. The increase in grain size gradient led to
an increase in the number of dislocations emitted from the
crack tip and more severe crack passivation, which effectively
inhibited the crack propagation. Liu et al.*® investigated crack
propagation in GNG metals under the inverse H-P relationship.
The results show that the introduction of grain size gradient
impairs the ability of nanomaterials to resist crack propagation.
The importance of grain boundary-related mechanisms and
dislocation activities in crack propagation was also revealed.
When preparing gradient nanomaterials, it is difficult to
completely avoid the presence of defects such as pores and
impurities. These defects degrade the mechanical properties of
the materials and may lead to brittle fractures. Therefore,
studying the cracking behavior of very small grains in nano-
crystalline metals is essential to ensure the safe application of
gradient nanomaterials. On the other hand, the crack propa-
gation study of gradient nanomaterials using molecular
dynamics is still relatively rare so far. Molecular dynamics,
starting from the atomic level, can provide in-depth study on
the crack extension process of gradient nanomaterials, which is
of great significance in revealing the complex synergistic effect
of multiple mechanisms in gradient nanomaterials. Therefore,
in this study, we used the molecular dynamics method to
simulate the fracture behavior of gradient nanocopper mate-
rials with central cracks and explored the effect of grain size
gradient on the fracture behavior by analyzing their micro-
structural deformation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2. MD modeling of GNG Cu with
initial center cracks

In this paper, quasi-3D gradient nanocopper models containing
an initial center crack are constructed. First, four models with
different grain size gradients were generated using the Voronoi
method in the direction along the Y-axis, and the grain sizes in
all the models were below the critical grain size, and all these
models had random crystal orientations, as shown in
Fig. 1(a)-(d), with GNG structures with linear distributions of
3.0-12.0 nm, 4.5-12.0 nm, 6.0-12.0 nm, and 7.5-12.0 nm,
respectively. To facilitate comparison, four NG models with
uniform grain size distribution were prepared by the same
method, with grain sizes of 5.3 nm, 6.0 nm, 7.3 nm, and 8.0 nm,
respectively, as shown in Fig. 1(e)-(h). All study models have
dimensions of 80 x 150 x 14 nm® and several atoms of
approximately 1 130 000.

In this study, the open-source software LAMMPS was used
for the calculations. In the model setup, we inserted center
cracks of size 150 A in the model by deleting atoms in the
middle region of the model, all model crack tips were located
inside the grains, and NVT system relaxation was performed for
all models. The stretching process was carried out using
uniaxial stretching at a constant strain rate of 5 x 10% s~" along
the X-direction and an integration step of 1 fs. During the
stretching process, we also used the NVT system and kept the
overall temperature at 300 K. In terms of boundary conditions,
we used non-periodic boundary conditions along the Y-direc-
tion, while along the X and Z directions, we used periodic
boundary conditions. To model interatomic interactions, we
used the modified embedded atom method (MEAM) (Asadi
et al.**), which allows for more accurate characterization of
materials concerning the conventional EAM potential (Mishin
et al.”®). In the MEAM potential, the total energy Ei; of the
atomic system can be expressed by the following equation:

Fiow = Z{E (7) +5 20 (r,-,-)} e

i i#j

In the above expression, F; denotes the energy of embedding,
i.e., the energy required for atom i to be embedded in a position
having a background electron density of p;, p; denotes the
density of electrons produced by the nearest atom neighboring
atom i, ¢;; is the pairwise interaction potential between atoms i
and j, and r; denotes the distance between atom i and atom j.
Compared to the EAM potential, the MEAM potential can better
characterize the interatomic interactions in asymmetric
systems, such as those characterized by surfaces, defects, and so
on. Compared to the conventional EAM potential, the MEAM
potential can more accurately reflect the material properties
because it takes into account more electron density
information.

In this paper, OVITO was chosen as the visualization soft-
ware for model analysis and data post-processing (Stukowski
et al.*®). Dislocation extraction algorithm (DXA) was used to
identify the dislocations present in the model (Stukowski

RSC Adv, 2024, 14, 616-625 | 617


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra07374b

Open Access Article. Published on 02 January 2024. Downloaded on 10/22/2025 2:03:34 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

Fig.1 MD modeling of GNG and NG Cu with schematic structures and locations of initial cracks; (a—d) crack-containing GNG models with grain
sizes of 7.5-12.0 nm, 6.0-12.0 nm, 4.5-12.0 nm, and 3.0-12 nm, respectively; (e—h) crack-containing NG models with grain sizes of 8.0 nm,

7.3 nm, 6.0 nm, and 5.3 nm, respectively.

et al.”’). To distinguish the different structures of the atoms, the
method of common neighbor analysis (CNA) was used to color
the atoms (Honeycutt et al?®). Green color represents atoms
with FCC structure, red color represents atoms with HCP
structure, and white color represents atoms with amorphous
structure.

3. Results and discussion
3.1 Main features of cracking

In order to accurately describe the variation in grain size, we
define the grain size gradient parameter g:

g = (dmax - dmin)/Ly (2)

618 | RSC Adv, 2024, 14, 616-625

In the above equation d;,.x denotes the maximum size of the
grain in the GNG structure, dp,i, denotes the minimum size of
the grain, and L, denotes the length of the model in the y
direction. The four grain size gradients chosen in this paper g
are calculated to be 0.06, 0.08, 0.1, and 0.12, respectively.

The stress-strain curves during crack propagation of the
GNG model for each grain size gradient and the corresponding
NG model are shown in Fig. 2. The flow stress is defined as the
average stress in the strain interval of 8-18% after the specimen
enters the yield stage. By looking at the flow stresses of GNG
models with different grain size gradients (see Fig. 2(a)), the
flow stresses of the GNG structure under the inverse H-P rela-
tionship are related to the grain gradient, and the higher the
gradient, the higher the strength (see inset of Fig. 2(a)), which is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Stress—strain curves for each model during tension (a) GNG model with different grain size gradients and (b) uniform NG model.

in agreement with the conclusion of He et al.** The flow stress
profile of the 7.5-12.0 nm model is similar to that of the 6.0-
12.0 nm model in that the stress values decrease rapidly with
increasing strain, which is related to its rapid fracture. The flow
stress profile of the 4.5-12.0 nm model is similar to that of the
3.0-12.0 nm model, with a relatively flat change in stress values,
which suggests a relatively slow rate of crack propagation. As
shown in Fig. 2(b), comparing the flow stress of NG models with
different grain sizes, it can be seen that the flow stress of the NG
structure increases with decreasing grain size, which implies
that the strength of the crack-containing NG Cu model in the
tensile process increases with decreasing grain size, and the
plasticity also increases as shown in Fig. 4, so that its resistance
to crack propagation is better with decreasing grain size.

The crack propagation process of the GNG model with
different grain size gradients and the NG model with different
grain sizes are shown in Fig. 3 and 4, respectively. Observing
Fig. 3, with the increase of the grain size gradient of the GNG
model, the crack propagation rate slows down and the plasticity
is enhanced. In the NG model of Fig. 4, the crack propagation is
hindered more intensely as the average grain size decreases,
and the plastic shear band is significantly enhanced. A
comparison of Fig. 3 and 4 shows that each GNG model crack
propagation is faster than its corresponding NG model, and the
number of dislocations (red atoms) is smaller than its corre-
sponding NG model, which indicates that the GNG model has
the effect of accelerating crack propagation and weakening
plasticity.

The crack length is defined in this paper as the vertical
distance from the crack opening to the crack tip. It is plotted as
a function of the displacement of model a to d (Fig. 5(a)) versus
model e to h (Fig. 5(b)) in Fig. 1, as shown in Fig. 5. By observing
the crack length variation curves of the GNG model in Fig. 5(a)
and the NG model in Fig. 5(b), it can be seen that the crack
propagation rate decreases with the increase of the grain size
gradient in the GNG model or the decrease of the average grain
size in the NG model. By comparing Fig. 5(a) with (b), it can be
similarly seen that the crack propagation rate of each GNG

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

model is greater than the crack propagation rate of its corre-
sponding NG model, while the grain sizes of all the GNG models
and the NG model are in the range of the inverse H-P rela-
tionship, which similarly suggests that the introduction of
gradient sizes in the inverse H-P relationship accelerates the
crack propagation.

3.2 Transformation of crack propagation mechanisms

First, the crack propagation paths of four different GNG and NG
materials are analyzed in conjunction with the crack length
curves in Fig. 5. In the model I 7.5-12.0 nm GNG material of
Fig. 3, the propagation resistance is relatively high when the
initial tip of the crack is inside the grain during stretching at
a strain less than 0.052, at which time the crack is not able to
expand. As stretching proceeds, the stress at the crack tip
continues to increase causing the crack to begin to expand. The
specific process of crack propagation in model I is shown in
Fig. 6. As shown in Fig. 6(b), at a strain of 0.058, the crack tip
arrives at the grain boundary which is almost perpendicular to
the crack propagation direction, and the propagation is
blocked. The increase of tensile strain thereafter will cause the
crack propagation direction to be deflected, as shown in
Fig. 6(c) because the resistance of crack propagation along the
deflected grain boundary is smaller than that of breaking
through the grain boundary that is perpendicular to the crack
propagation direction. At the same time, the stress in the cracks
at the deflected grain boundaries increases, while the stress at
the grain boundaries that originally prevented crack propaga-
tion decreases, leading to a change in the direction of crack
propagation, as shown in Fig. 6(d) for the resultant diagram of
crack propagation occurring in deflection. It shows that the
crack propagation occurs along the grain boundaries and is not
capable of intragranular propagation. And the cracks under this
grain gradient basically occur along the intergranular propa-
gation, the propagation rate is also the fastest, the propagation
process is accompanied by very few dislocations generated, and
the whole propagation process behaves brittle, indicating that
the grain boundaries contribute to the brittle behavior, and at

RSC Adv, 2024, 14, 616-625 | 619
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Model Ill
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GNG(3.0-12.0nm)

(a) strain 0.00 (b)0.052 (c)0.082 (d)0.144 (e) 0.240

Fig. 3 (a—e) Propagation process of 7.5-12.0 nm, 6.0-12.0 nm, 4.5-12.0 nm, 3.0-12.0 nm GNG MD samples with center cracks under different
strains.

a strain of 0.15, the 7.5-12.0 nm GNG Cu basically fracture compared with model I, although the crack propagation speed

completely, as shown in (e) in model I of Fig. 3. is slowed down, it still extends rapidly along the grain bound-
Next, observing the crack propagation model of model I in  aries, and the whole is still brittle propagation.

Fig. 3, combined with the crack propagation curve in Fig. 5(a),

620 | RSC Adv, 2024, 14, 616-625 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4

The crack propagation process of GNG Cu at 4.5-12.0 nm is
shown in model III in Fig. 3, where the crack starts to undergo
sudden propagation at 0.091 strain. This sudden propagation of
the crack is due to the formation of the pores that connect with
the main crack when they increase to a certain extent, and its
detailed propagation process is shown in Fig. 7. Under tensile
strain, the pores initially nucleate at the crack tip at a strain of
0.087, as in Fig. 7(a), and then more pores nucleate at the triple
junctions or weak grain boundary junctions, as in Fig. 7(b).
Under the effect of concentrated stress, the pores grow and
expand and eventually transform into nanocracks along the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a—e) Propagation process of 8.0 nm, 7.3 nm, 6.0 nm, 5.3 nm NG MD samples with center cracks under different strains.

grain boundaries, as in Fig. 7(c). Finally, the nanocracks
connect with the main cracks, leading to a sudden increase in
crack length, corresponding to the sharp increase in the length
of the 4.5-12.0 nm GNG crack propagation curve at strains from
0.091 to 0.115 in Fig. 5(a). This formation of nanopores is
associated with the decrease in grain boundary strength and
increase in plasticity when the grain size decreases, and also
leads to dislocation emission from neighboring grains and their
propagation, as shown in the CAN plots in Fig. 7(c) and (d).
Other researchers (Farkas®*®) have also observed the phenom-
enon of hole formation at grain boundaries at the crack tip. This

RSC Adv, 2024, 14, 616-625 | 621
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Fig. 5 Variation curve of crack length during crack propagation (a) GNG model (b) NG model.

indicates a shift in the crack propagation mode from rapid
propagation along grain boundaries to propagation at grain
boundaries where the main crack and pore connections occur
while slowing down the rate of crack propagation.

As shown in Fig. 3 model IV shows the crack propagation of
the 3.0-12.0 nm GNG model, the specific propagation is shown
in Fig. 8. In the initial stage of crack propagation, at a strain of
0.092, a pore is formed at the crack tip and further combined
with the main crack, which makes the crack undergo propaga-
tion, as shown in Fig. 8(a). With the increase of applied load, the
crack propagation is blocked at the grain boundary at a strain of

’
-7
.

. ‘~__o*'

In|t|aI propagatlon

strain=

Fig. 6
crack propagation.

622 | RSC Adv, 2024, 14, 616-625

0.110, and the crack tip is passivated, and the crack passivation
relaxes the stress concentration near the crack tip, as shown in
Fig. 8(b). At this time, the crack tip of the smaller size of the
grain is subjected to shear force, the occurrence of grain
boundary sliding and migration, this process is accompanied by
the generation of dislocations, and then the material undergoes
shear deformation, as shown in Fig. 8(c). In previous studies,
Farkas® has shown that cracks are stopped and blunted as they
encounter boundaries in their path and that crack propagation
is hindered by grain boundary sliding as well as other plastic
mechanisms that contribute to material ductility, consistent

propagatlon
_strain=0.0

In the 7.5-12.0 nm GNG model, (a and b) GB hinders crack propagation, and (c and d) a transverse transition occurs in the subsequent

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 In the 4.5-12.0 nm GNG model, (a—c) the crack tip pores are enlarged and (d) the pores are connected to the main crack.

with the results of this paper. As the tensile strain continues to  boundaries more severe. Therefore, as shown in Fig. 8(d), the
increase, the shear continues to increase and the increase in grain boundaries are destroyed by more dislocations under
dislocations makes the plastic deformation near the grain shear stress, and eventually a plastic shear zone is formed,

Fig.8 Inthe 3.0-12.0 nm GNG model, (a and b) crack propagation and its passivation, (c and d) occurrence of shear deformation and formation
of plastic shear zone.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2024, 14, 616-625 | 623
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Fig. 9 Variation curves of the length of the Shockley dislocation during crack propagation for the GNG model and the NG model (a) GNG model

(b) NG model.

and the crack propagation mode changes to plastic shear
fracture.

Fig. 9(a) and (b) represent the variation in the number of
Shockley dislocations in GNG Cu and NG Cu, respectively,
which are mainly present in the plastic shear zone. From
Fig. 9(a), it can be seen that the number of Shockley dislocations
increases with increasing grain size gradient parameters in
GNG models, especially in GNG Cu of 3.0-12.0 nm, where the
plastic shear band is obvious and the number of Shockley
dislocations is the largest. As shown in Fig. 9(b), the reduction
of the average grain size also leads to an increase in the number
of Shockley dislocations in the NG material, which corresponds
to the apparent enhancement of the plastic shear bands when
the grain size is reduced in Fig. 3, suggesting that the reduction
of the grain size enhances the ductility of the material.

Since the atoms at the grain boundaries behave in an
amorphous state, the activity of the grain boundaries in the
model can be expressed in terms of the change in amorphous
atoms, which in this paper is expressed using the following
equation:

(a)
0.6} 7.5-12.0nm GNG
3 ——6.0-12.0nm GNG
= 4.5-12.0nm GNG
g 3.0-12.0nm GNG
= 0.4}
o
(0]
()]
©
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©0.2} /*
[0]
o
,//
———"
0.0 L L . y
3 6 9 12 15 18

Strain(%)

(b)

(3)

where Pinitiai and Pigageq denote the atomic percentage of
amorphous atoms in the model before and after loading,
respectively, and Pincrement denotes the change of amorphous
atoms. As shown in Fig. 10(a) and (b) for the changes in the
number of HCP atoms and the changes in the number of
amorphous atoms in the GNG Cu during the loading process,
respectively, it can be seen that the changes in the number of
HCP atoms are much smaller than the changes in the number
of amorphous atoms in the stretching process of each GNG
model, which can indicate that the mechanism of the grain
boundary changes dominates the crack propagation behavior of
the entire model to a greater extent than the dislocation
mechanism. As shown in Fig. 10(b), at strains greater than 8%,
the GNG model with a larger grain size gradient contains more
amorphous atoms and the change in amorphous atoms is
larger, indicating that the GB-related activity of the GNG model
with a larger grain size gradient is stronger. Correspondingly, it
can be seen from Fig. 3 that the crack propagation rate is slower

Pincrement = Ploaded - Pinitial

2.4r

0.8f

7.5-12.0nm GNG
——6.0-12.0nm GNG
- 4.5-12.0nm GNG
3.0-12.0nm GNG

Percentage of amorphous atoms (%)

3 6 9 12
Strain (%)

15

18

Fig. 10 Variation of the percentage of (a) HCP atoms and (b) amorphous atoms in the GNG model with different grain size gradients.
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for the GNG model with a larger grain size gradient, which
indicates that the grain boundary activity is higher for the GNG
model with a larger grain size gradient, which has a stronger
hindering effect on crack propagation.

4. Conclusion

In this article, we simulate the crack propagation of GNG Cu
with different grain size gradients and the respective corre-
sponding NG models using molecular dynamics. By comparing
the crack propagation of the GNG model and the NG model, we
can draw the following conclusions:

(i) As the grain size gradient increases in the GNG model,
under tensile loading, the central crack undergoes a transition
from rapid propagation along grain boundaries to propagation
by formation of pores aggregates at grain boundaries, and then
to propagation along the inclined plastic shear zone when
tensile strain occurs, indicating that grain boundaries can (1)
provide the brittle fracture behavior of the material (2) be the
location of the nucleation of nanopore formations and (3)
increase the fracture toughness as well as the ductility of the
material through the motion of grain boundaries. In the NG
model, smaller grain size produces better resistance to crack
propagation as well as greater plasticity.

(ii) The weak ability of each GNG model to resist crack
propagation relative to its corresponding NG model implies that
the introduction of material grain size gradients can accelerate
crack propagation and reduce the plastic properties of the
material.

(iii) The cracking behavior of the different GNG models is
mainly influenced by the grain boundary (GB) correlation
mechanism. The larger the grain size gradient, the greater the
resistance of the material to crack propagation, i.e., the ability of
gradient nanomaterials to resist crack propagation increases
when the grain boundary-related activity is enhanced.
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